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ABSTRACT
This dissertation aimed to examine and elucidate the effects of feed solution
chemistry, including pH and ionic strength, and membrane fouling on the rejection of
boron by different nanofiltration (NF) and reverse osmosis (RO) membranes.
Membrane filtration experiments were conducted using a laboratory-scale cross-flow
NF/RO membrane system and five different commercially available NF and RO
membranes. The related rejection mechanisms were delineated on the basis of
solution chemistry, membrane characteristics, and physiochemical properties of boric
acid and model foulants. In every experiment, the rejection of conductivity and
sodium were measured and compared with boron rejection data. The effects of
membrane fouling on the performance of membrane system were evaluated by
comparing the flux behaviours of the fouled membranes after 18 hour, and the
quality of permeate produced by the virgin and fouled membranes.
Results reported here showed that solution pH appeared to be an important factor
governing the rejection of boron by NF/RO membranes under both virgin and fouled
conditions. Increasing solution pH led to an increase in boron rejection efficiency.
The key role of solution pH in determining boron rejection efficiency was attributed
to its influence on membrane charged properties and the speciation of boric acid,
which could increase the rejection by both size exclusion and charged repulsion
mechanisms. However, the influence of solution pH on membrane surface charged
properties could be inhibited by the fouling layer, which resulted in a lower boron
rejection by fouled membranes than that by virgin membranes under high pH
conditions. Solution pH could also determine the impact of solution ionic strength on
boron rejection efficiency. Increasing ionic strength was found to improve boron
rejection in some certain conditions. However, this effect was observed only at pH
values that higher than the intrinsic pKa of boric acid. The implication of this finding
was that in double-pass membrane desalination systems where boron rejection was
achieved at the second pass, the rejection can be improved by allowing a higher salt
passage through the first pass.
Boron rejection by NF/RO membranes in fouled conditions revealed that different
types of membrane fouling could induce different effects on the permeate flux
behaviour and the separation of boron. Humic acid and sodium alginate fouling layer
i

caused the most severe permeate flux decline, followed by silica colloid and CaSO4
scaling. Humic acid was the only model foulant investigated in this study could
enhance boron rejection, especially at low solution pH. Possible factors that could
influence boron rejection by fouled membranes included the extent of cake-enhanced
concentration polarisation, charged property of foulant, and foulant‟s ability to clog
the membrane surface.
Membrane pore size appeared to be a reliable parameter that determined the solute
rejection efficiency of a membrane because membrane pore size was not affected by
solution chemistry such as pH and ionic strength. Overall, solute rejection efficiency
of a tighter membrane would be less affected by any changes in solution chemistry,
and also less affected by membrane fouling conditions. This finding suggested a
possibility of using NF membranes under high pH conditions to increase boron
rejection for the second pass in double-pass membrane desalination plants. The
utilisation of NF membrane could avoid over-demineralisation of the final product
water, reduce energy consumption, and also decrease the potential of membrane
scaling at high solution pH.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION
The production of potable water has become a worldwide concern. In fact, the rapid
growth of the world‟s population and increase in living standard in recent decades
have led to a mismatch between water supply and water demand. Over one billion
people do not have access to adequate drinking water, and approximately 2.3 billion
people (41% of the world population) live in regions with water shortages [1]. The
conventional fresh water sources such as rivers, lakes, and groundwater are overused
or misused, and these sources become diminishing or polluting as a result. Solutions
such as water conservation and water relocation are supposed to be insufficient to
cope with the water crisis in many regions [2]. Consequently, the need of finding
alternative freshwater sources becomes urgent for the globe‟s sustainable
development.
The earth contains a vast amount of water, but only a very small portion of it is
accessible or suitable for human consumption. While only about 2.5% the Earth‟s
water exists as fresh water and 1% of this portion is accessible to human, the rest
97.5% is found in the world‟s oceans (Table 1). This enormous amount of water,
when being desalted by various desalination processes, is expected to be a promising
and sustainable water supply for human consumption. Since the first industrial
desalination plants developed in 1930s Saudi Arabia, desalination has been an
important water provision in parts of the arid Middle East, Persian Gulf, North
Africa, Caribbean islands, and other regions where the natural availability of
freshwater is insufficient to meet the demand, and where conventional water supply
options are improbable or uneconomical [3]. The Middle East holds approximately
50% of the world‟s production capacity and has forged ahead as the leader in large
scale seawater desalination [2]. More than 21,000 desalination plants worldwide
currently produce over 13 gigalitres of potable water per day. Almost 60% of these
plants use seawater as a feed source, and the rest use brackish water [4]. The use of
desalination is expected to continue blooming in future due to the hysterical growth
of the world‟s population and seawater level rise as an impact of global warming.
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Table 1. Distribution of water on Earth [4].
Location
Ocean

Volume (106 km3) Percentage of World Water
1338.0

96.5

Glaciers and permanent snow

24.1

1.74

Groundwater (brackish or saline)

12.9

0.94

Groundwater (fresh)

10.5

0.76

Ground ice/permafrost

0.30

0.022

Freshwater lakes

0.091

0.007

Freshwater stream channels

0.002

0.0002

Desalination technologies can be categorized into two groups, namely thermal
distillation and membrane separation. Thermal distillation has been developed for
hundreds of years, and this technology can more efficiently deal with high saline
water and produce more complete demineralised water in compare to membrane
process [4-5]. However, the elevating cost of energy in recent years together with
immense development of membrane technology have led to a dramatic shift of
preferable technology from thermal distillation to membrane-based desalination.
Indeed, the worldwide water production of membrane desalination technology has
overtaken that of thermal technology in the end of 1990s, and becomes the leading
technology at present. By 2006, membrane technology accounts for nearly 96% of
the U.S. desalination capacity [4]. Desalination by thermal distillation is utilised
mostly in the Middle East regions where energy is inexpensive. The advantages of
membrane technology include excellent water product quality, small footprint, low
chemical consumption, and capacity to upscale and retrofit to existing facility.
Boron is typically present in the environment, and its concentration in seawater is
approximately 4.6 mg/L. Although a minute amount of boron plays an important role
in the development of human, animals, and plants [6], an excessive level of boron
can be toxic to these bodies. Symptoms of boron toxicity in human and animals
include nausea, vomiting, diarrhoea, dermatitis, lethargy, poor appetite, weight loss,
and decreased sexual activity [7-8]. Boron toxicity has been reported to limit crop
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yield in Australia, North Africa, and West Asia where alkaline and saline soils are
present together with a low rainfall and very limited leaching. The rapid development
of desalination applications in recent years as mentioned above has raised the
concern of boron as a major contaminant in water supply, and boron removal to
harmless levels becomes a requirement of desalination plants.
Despite of excellent salt rejection capability of current commercial nanofiltration
(NF) and reverse osmosis (RO) membranes (90% for NF and 99.8% for RO), the
rejection of boron is limited because of its small molecular radius and neutral charge
in natural environment. In recent years, several membrane manufacturers have
developed novel boron-specific RO membranes which are able to remove of up to
91-93% boron [9] in natural pH conditions (pH 6-8). Nevertheless, boron rejection
often observed in actual RO desalination plants is somewhat lower. In general,
typical seawater RO membranes are not able to reduce boron to below a desirable
level using a single pass [10]. Therefore, most full scale RO desalination plants have
utilised a multi-pass system configuration in order to produce permeate with an
acceptable boron level. The literature of boron rejection by RO membranes is
comparatively mature. Boron rejection was found to be proportional to solution pH
[11-15], operating pressure [16-18], and reversely proportional to solution
temperature [15, 19]. However, there are still some gaps of knowledge need to be
filled up. Whereas most of the studies found in literature aimed at RO membranes,
the performance of NF membranes are rarely investigated. The effects of solution
ionic strength on the boron rejection by NF/RO membranes remained poorly
understood although the important role of solution ionic strength on the pKa of boric
acid is quite apparent. In addition, little is known about the effects of membrane
fouling and cleaning on boron rejection by NF/RO membranes despite of the fact that
fouling and cleaning are inevitable in all NF/RO membrane processes.
This study aimed to investigate and delineate the influences of solution chemistry,
including solution pH and ionic strength, and of different membrane fouling
conditions on the boron removal efficiency of NF/RO membranes. A wide spectrum
of NF/RO membranes including two NF, one brackish RO, and two seawater RO
membranes were selected for this investigation. In order to produce a comprehensive
and profound understanding of the rejection mechanisms, physiochemical properties
3
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of the chosen membranes as well of boric acid were characterised in detail.
Membrane fouling conditions were created by four separate model foulants which
was typically found in natural water sources. Boron rejections by fouled and virgin
membranes were compared each other, and the transport mechanisms are delineate
on the basis of membrane characterisations, properties of boron and foulants.
This dissertation consists of 5 chapters. Chapter 2 provides a comprehensive
literature review on the current state of knowledge on the removal of boron by
NF/RO membranes in seawater applications. In order to provide an up-to-date and
comprehensive of the topic, the chapter comprises up-to-date findings from other
studies and also from some published studies making up this dissertation. Chapter 3
presents an experimental study on the coupling effects of solution pH and ionic
strength on boron rejection by NF/RO membranes. In Chapter 4, an attempt is made
to examine boron rejection of the membranes fouled by four different foulants. The
dissertation ends with Chapter 5 providing a summary of critical and fundamental
findings of this dissertation.
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CHAPTER 2: LITERATURE REVIEW
1. INTRODUCTION
Desalination technologies are of vital importance in many water scarcity areas
around the world. Desalination plants are present in more than 120 countries
including south east and south west of the USA, Saudi Arabia, Oman, United Arab
Emirates, Spain, Cyprus, Malta, Greece, Italy, Singapore, and Australia [4]. More
than 21,000 desalination plants worldwide currently produce over 13 gigalitres of
potable water per day. Almost 50% of these plants use seawater as a feed source, and
the rest use brackish water [4]. Desalination technologies can be categorized into two
groups, namely thermal distillation and membrane separation. Thermal distillation is
generally more energy intensive than membrane-based desalination, but can more
efficiently deal with high saline water and produce more complete demineralised
water [4-5]. The elevating cost of energy in recent years together with immense
development of membrane technology have led to a dramatic shift from thermal
distillation to membrane-based desalination. Reverse osmosis and other membrane
systems are responsible for almost 96% of USA existing seawater desalination
capacity [4]. All of the more than 100 desalination projects recently implemented or
being planned in Europe use reverse osmosis technology [20].
With the recent rapid growth in seawater desalination by reverse osmosis (RO)
technology, the issue of boron removal has come under the scientific spotlight. In
environmental water, boron exists in the form of boric acid. The average boron
concentration in seawater is approximately 4.6 mg/L [21]. Although boron plays an
important role in the development of humans, animals, and plants, excessive boron
can cause serious health and ecological damages. The problem of high boron
concentration was recognised in Eilat, Israel in 1997, when farmers using the
reclaimed wastewater for irrigation noticed poisoning of some crops and partially
discoloured leaves. Boron was identified as the trace element responsible for these
effects [20]. Boron toxicity has also been reported to limit crop yield in Australia,
North Africa, and West Asia where alkaline and saline soils are present together with
a low rainfall and very limited leaching [22]. As a result, adequate removal of boron
is essential in all seawater desalination applications for drinking water production
5
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using RO technology. The first scientific investigation on boron rejection by RO
membranes occurred in 1969 when RO technology was still in its infancy [23-24].
Boron rejection by some of the earliest RO membranes was only about 50% [23].
Despite the progressive improvement in membrane material and fabrication, boron
rejection by modern seawater RO membranes remains considerably lower than that
of sodium chloride which is the main inorganic salt in seawater. Consequently, stateof-the-art seawater desalination plants are commonly designed with two or more RO
passes for the removal of boron to a desirable level. The second pass consumes
further energy and can result in unnecessary over-demineralisation of the product
water. Optimising the rejection of boron by RO membranes is essential for a better
product water quality and a reduction in energy consumption. Not surprisingly, the
number of scientific studies investigating the rejection of boron by RO membranes
has increased significantly over the last few years.
This literature review provides a comprehensive summary of the current knowledge
regarding the rejection of boron by RO membranes in seawater desalination
applications. Key physiochemical properties of boric acid relevant to its transport in
a RO filtration process are systematically reviewed and discussed. Mathematical
models capable of describing the separation of boron during a typical RO process are
delineated in relation to the intricate interplays amongst key operating parameters.
Factors governing boron rejection by RO membranes in seawater desalination
applications are identified and discussed in detail. The paper also explores several
emerging approaches to enhance the removal of boron from seawater by RO
membranes in seawater desalination applications.
2. BORON AND SEAWATER DESALINATION
2. 1 Occurrence of boron in the aquatic environment
Boron is a common element in the environment and can be found in any natural
water primarily in the form of boric acid. The occurrence of boron in various water
bodies varies significantly. The typical concentration of boron in conventional
sources of water supply including surface freshwaters and groundwater is relatively
low. The average boron concentration in freshwaters is usually less than 0.1 mg/L.
Boron is used in some consumer products such as soaps and detergents [25]. As a
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result, elevated boron concentration of up to 0.5 mg/L can be found close to some
wastewater effluent discharges [21, 26]. Boron concentration in groundwater is
generally location-specific. Typical values based on existing data are below 2 mg/L
[21]. In seawater, the average boron concentration is approximately 4.6 mg/L. Boron
concentration in confined ocean bodies can deviate substantially from this average
value. For example, boron concentration in the Mediterranean Sea can be as high as
9.6 mg/L [21]. The concentration of boron in seawater together with the recent
growth in seawater desalination using reverse osmosis technology has reinstated
boron as a major contaminant of concern in water supply.
2. 2 Boron chemistry
Boron is a metalloid of group 13 in the periodic table. The stable isotopes of boron
are of mass 10 and 11 which exist in an estimated 20:80% ratio resulting in an
atomic weight of 10.81. Boron has various oxidation states in compounds but the
most significant and common is +3. The lower oxidation states +1, 0, or less than 0
are present only in compounds such as higher boranes (e.g. B5H9), subvalent halides
(e.g. B4Cl4), metal borides (e.g. Ti2B), or in some compounds containing multiple BB bonds [27].
Boron in the aquatic environment is predominantly in the form of boric acid. Boric
acid is a waxy solid and soluble in water (55 g/L at 25oC). Being the only nonmetallic element in group 13 of the periodic table, the chemistry of boron and its
compound boric acid is unique. With the (1s)2(2s)2(2p)1 valence electron
configuration, boron is electron deficient. As a result, boric acid can act as a weak
acid. However, with only 3 electrons in the valance shell, boron cannot comply with
the Octet rule and therefore boric acid is not a proton donor. Instead, the dissociation
of boric acid can only occur via a hydrolysis process:
B(OH)3 + 2H2O  B(OH)4- + H3O+ ; pKa = 9.23

(Eq. 1)

At relatively low concentrations (0.02 M or 22 mg/L as B), only the mononuclear
species B(OH)3 and B(OH)4- are present. However, at higher concentrations and with
increasing pH, especially above pH 10, polynuclear ions such as [B3O3(OH)5]2- and
[B4O5(OH)4]2- would be formed (Figure 1) [27]. The formation of these rings is
attributed to the interaction of boric acid molecules and borate ions in solution:
7
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B(OH)3 + 2B(OH)4-  [B3O3(OH)5]2- + 3H2O

(Eq. 2)

OH
O
HO

B-

B

O
O

B-

B

OH

O

OH

Figure 1. Schematic drawing of the bicyclic [B4O5(OH)4]2- [27].
At pH below this pKa value, boric acid exists in an undissociated form. Since boron
is an electron deficient element, the crystal radius of boric acid is quite large, in the
range 0.244-0.261 nm [28]. However, boric acid is poorly hydrated and is therefore
expected to have a small hydrated radius. The native hydrophobicity of boric acid
comes from its sheet-like structure which does not have sufficient number of ionic
sites that could take up water molecules [29].
It is noteworthy that the intrinsic pKa of boric acid of 9.23 corresponds to the
standard condition (i.e.: dilute solution, at 20 oC and atmospheric pressure). Being a
weak acid, the apparent (actual) pKa value of boric acid can deviate considerably
from this intrinsic value depending on several factors including ionic strength,
pressure, and temperature. It was reported that the pKa of boric acid would decrease
from 9.23 to 8.60, when the salinity increased from 0 to 40,000 ppm (Figure 2) [30].
The apparent pKa of boric acid would decrease approximately 0.3 unit when the
temperature increased from 10 to 500C (Figure 3b) [31]. The dependence of pKa of
boric acid on pressure has been investigated by Tsuda et al. [32]. These authors
found an increase in pKa value of up to 2 units as pressure increased from 0 to 6 kbar
(Figure 3a [32]). However, this is of little relevance to seawater desalination using
RO membranes since such extremely high pressure would almost never be seen in
practice.
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Figure 3. The dependence of the pKa of boric acid on (a) pressure [32] and (b)
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2.2.1

Boron complexation

Boric acid and borate compounds are capable of reacting with chemical compounds
containing multiple hydroxyls groups (polyols), such as mannitol, to produce
complexes [33]. The formation of complexes increases the acidity of boric acid and
borate solutions. Although still moderately weak, the derived acids are stronger than
boric acid itself, and this property has been utilized for boron compound titration
with alkalihydroxides [34]. The increase of the acidity is due to the formation of
cyclic borate esters which can be demonstrated schematically in Figure 4 [27]. The
stability of the borate complex formed greatly depends on the type of diol used. If the
diol used involves the OH- groups oriented in such a way that they accurately match
the structural parameters required by a tetrahedrally coordinated B, a stable complex
will be formed. The esters formed with cis-diols on a furanoid ring have been found
9
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to be most stable, but these structures are rare in nature and limited to apiose and
rebose.

O

O
B

OH

O

cis-diol monoborate ester

(-)
B

O

OH

O

OH

O

monoborate complex

(-)
B

O
O

bis(diol) borate complex

Figure 4. Schematic drawings of neutral cis-diol monoborate ester, monoborate
complex, and the bis(diol) borate complex [27].
2. 3 Health and ecological implications
Although a minute amount of boron plays an important role in human diet [6], an
excessive level of boron can be toxic to human beings. Symptoms of boron toxicity
in human include nausea, vomiting, diarrhoea, dermatitis, lethargy, poor appetite,
weight loss, and decreased sexual activity [7-8]. A report by the World Health
Organization (WHO) suggests a safe maximum level of boron daily intake of 13
mg/d [35]. It is noteworthy that human health effects of boric acid and borax are
mostly inferred from the experimental animal data [36].
Excessive ingestion of boron can be detrimental to animal health. Several studies
have reported that oral pre-natal introduction to boric acid can be detrimental [36],
and that rats are most susceptible to this influence with a no observable adverse
effect level (NOAEL) of 71.2 mg/(kg bodyweight)/day. Exposure to boron by the
oral route can cause reproductive toxicity in rats and mice [36], and NOAEL for
female and male rat reproductive toxicity are 136 and 98.9 mg/(kg bodyweight)/day,
respectively.
Although boron seems to be an essential micro-nutrient for some plants, there is a
certain level of tolerance, and excessive concentrations of boron in soil and in
irrigation water can be harmful to plants (Table 2) [37-38]. Boron toxicity has been
reported to limit crop yield in Australia, North Africa, and West Asia where alkaline
and saline soils are present together with a low rainfall and very limited leaching.
However, excessive boron exposure typically occurs as a result of anthropogenic
10
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activities, such as over-fertilization or irrigation with water containing high level of
boron, sewage sludge, and fly ashes [39]. Toxicity to plants can be interpreted in
various ways depending on the relationship between irrigation water boron, soil
solution boron and the mechanism of plant boron uptake [37]. Plants can
occasionally be stressed by boron toxicity and salinity simultaneously. This occurs
when plants are irrigated with water containing high boron level and salinity, or
where plants are grown in regions with high concentrations of boron and salts,
especially arid or semi-arid areas where rainfall and leaching are low [39].
Table 2. Relative tolerance of agricultural crops to boron [37-38].
Boron
tolerance
(mg/L)

Agricultural crops

Sensitive
(<1.0)

Blackberry, citrus, peach, cherry, plum, grape, cowpea, onion, garlic,
sweet potato, wheat, barley, sunflower, mung bean, sesame, lupin,
strawberry, Jerusalem artichoke, kidney bean, lima bean, lemon,
avocado, orange, apricot, pecan

Semitolerant
(1.0 – 2.0)

Capsicum, pea, carrot, radish, potato, cucumber, lima bean, pumpkin,
zinnia, oat, milo, corn, wheat, olive, tomato, sunflower, radish

Tolerant
(>2)

Lettuce, cabbage, celery, turnip, Kentucky bluegrass, corn, artichoke,
tobacco, mustard, clover, squash, muskmelon, sorghum, lucerne,
purple vetch, parsley, red beet, sugar beet, asparagus, cabbage.

2. 4 Regulations and guidelines
Standards or guideline values for boron concentration in drinking water vary widely
around the world, ranging from 0.5 to 5.0 mg/L (Table 3 [40-48]). The maximum
permissible boron concentration in drinking water is commonly determined by
considering a range of factors including human and ecological health, social and
natural characteristics, available technologies and cost effectiveness. The standard or
guideline values of boron in drinking water seem to be based on the tolerance of
plants which can be assumed to be most sensitive to boron contents. For instance,
Israel has a very stringent boron standard because citrus – a boron sensitive plant
species - is agriculturally important [49]. Boron level in drinking water is either not
regulated or regulated at tolerant relaxed value in the regions where boron
11

Chapter 2: Literature Review

occurrence is uncommon. For example, the regulated value of boron in drinking
water in Canada is 5 mg/L possibly because boron occurrence in freshwater is quite
low and seawater desalination is not in use in Canada. Available boron removal
technologies can also affect the regulations. In 1990, the WHO established a
guideline of 0.3 mg/L for boron content in drinking water. However, this level was
raised to 0.5 mg/L in 1998 due to a lack of financially viable boron removal
technologies. In 2009, the WHO revised the recommended boron level in drinking
water to 2.4 mg/L in accordance with the latest data from the UK and US on dietary
intakes. It is noteworthy that the WHO guideline has been formulated based
exclusively on human health consideration. Because drinking water may also be used
for gardening and landscaping purposes, it is expected that boron standards in
drinking water set by water authorities will be more stringent than that of the recent
WHO guideline. In fact, most seawater desalination plants using RO technology have
proactively set very low boron targets, in some cases well below the required level
by relevant authorities (Table 3).

Targeted
boron level
(mg/L)

Regulations and guidelines
(mg/L)

Table 3. Regulations and guidelines for boron in drinking water [40-48].
Time of issuing
WHO
European
Union (EU)
Canada
New Zealand
Australia
Israel
Singapore
Abu Dhabi
U.S. (California)
Japan (Fukuoka)
Ashkelon (Israel)
Palmahim (Israel)
Dhekelia (Cyprus)
Larnaca (Cyprus)
Sydney (Australia)
Perth (Australia)

1990
0.3

1997

1998
0.5

2000

2001

2003

2004

2005

2006

2007

2009

1.0
5.0
1.4
4.0
0.3
1.0
1.5
1.5
1.5
≤0.4
≤0.4
<1
<1
<1
≤2

: Not regulated or data unavailable
2. 5 Boron analysis
Boron in aqueous samples can be analysed by either spectrophotometric or
spectrometric techniques. Spectrophotometric methods are based on colorimetric
reactions of boron with some specific reagents such as curcumine, carmine, and
azomethine H. The curcumine method is considered to be somewhat more sensitive
and reliable than the other spectrophotometric methods [50]. These methods are well
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suited for field analysis. However, they suffer from numerous interferences and have
low sensitivity and precision [50]. The limits of quantification of these
spectrophotometric techniques are not adequate for the monitoring of boron in
seawater desalination application. The detection limits of spectrophotometric
methods are much poorer than those of emission spectrometry such as inductively
coupled plasma atomic emission spectrometry (ICP-AES) or inductively coupled
plasma mass spectrometry (ICP-MS) (Table 4). The limits of quantification in typical
water matrices of these advanced methods can be several orders of magnitude lower
than the colorimetric methods.
Table 4. Methods for boron determination [44, 51-53].
Methods
ICP-MS
ICP-AES
IC
Azomethine-H
Curcumine
Carmine

Limit of quantification, g/L
0.15
5–6
50
10 – 20
100 – 200
1000 – 2000

Recently, ion chromatography (IC) has emerged as a novel analytical technique for
monitoring of boron concentration in seawater desalination application. Boron is
usually separated from the sample matrix by an anion exchange resin, converted to
tetraflouroborate BF4- by HF treatment. The resulted BF4- is determined
potentiometrically with a suitable selective electrode [52]. IC was initially utilized to
determine BF4- concentration, and later was employed to measure total boron content
in solutions. For the analysis of total boron, boric acid must be quantitatively
converted to BF4- [54]. Since IC offers a low cost, sensitive (Table 4 [44, 51-53]),
and on-line boron analysis technique, the application of IC for boron monitoring in
seawater desalination applications can be expected in the future.
3. BORON REMOVAL BY NF/RO MEMBRANES
The rapid development of desalination in recent decades has promoted the
requirement for boron removal. Although RO membranes can offer an outstanding
sodium rejection capability, boron rejection efficiencies of available commercial
membranes remain relatively low (Figure 5 [9, 17, 55-56]). At pH below 9 (which is
13
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typical to the standard test of RO membranes), boron exists in the form of boric acid.
Boric acid is uncharged, poorly hydrated, and therefore is expected to be very small
in size as discussed previously in Section 2. 2. RO membranes have predominantly
been the focus of most investigations because of their considerably higher boron
rejection than NF membranes under standard operating conditions (low pH) (see for
examples [14, 16-17, 57-62]). Nevertheless, boron rejection by NF membranes has
also been investigated [14, 18, 33, 55, 63]. In general, seawater RO membranes have
the highest boron rejection followed by brackish water RO membranes. At standard
operating conditions (low pH), boron rejection by NF membranes is quite negligible.
Driven by a strict boron removal requirement, some research efforts have also been
devoted toward the synthesis of high boron rejection RO membranes. A major
approach is to couple the use of additives (or a coating layer) with a denser
membrane active skin layer (and therefore higher rejection membrane). The chemical
coating layer is chosen to increase the membrane hydrophilicity (or affinity with
water) thus compensating for the increase in membrane resistance caused by a denser
active skin layer [9]. The chemical coating layer may contain one or a group of
chemicals. Comstock recently demonstrated an increase in boron rejection from
92.7% to 97.6% as a result of the coating of polyhexamethylene biguanide to a
seawater RO membrane [64]. The author also observed a marginal increase in
conductivity rejection (from 99.3% to 99.7%) as well as a notable decrease in the
membrane permeability from 54.1 L/m2h (or 31.8 gfd) to 46.6 L/m2h (or 27.4 gfd)
[64]. Even with some decrease in membrane permeability, improvement in boron
rejection by RO membrane can allow for the use of single-stage membrane system in
RO seawater desalination plants, thus resulting in a reduction in both capital and
operational cost of seawater desalination by RO technology. Nevertheless, further
assessment of the stability of the coating layer is required before the practical
realisation of this approach.
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Figure 5. Boron rejection efficiencies of some commercial membranes at standard
test conditions. Seawater RO membranes: applied pressure 55 bar; pH 8; TDS 32,000
mg/L; temperature 25oC. Brackish water RO membranes: applied pressure 10–16
bar; pH 8; TDS 2,000 mg/L; temperature 25oC. NF membranes: applied pressure 4
bar; pH 8; TDS 800 mg/L; temperature 20oC [9, 17, 55-56].
3. 1 RO seawater desalination configuration
In practice, RO seawater desalination plants typically consist of two or more passes
with natural pH (pH 6 to 7) at the first pass and elevated pH up to 11 at the second
pass to effectively remove boron to acceptable levels (usually less than 0.5 mg/L)
(Figure 6). The number of passes depends on several factors, in which feed water
characteristics and product water standards play a crucial role [2]. The first pass is
commonly equipped with high-pressure seawater RO membranes. Since total
dissolved solids (TDS) have been significantly reduced after the first pass, high TDS
rejection is no longer necessary. As a result, low-pressure brackish water RO
membranes can be used in the second pass to conserve energy and to allow for a
higher recovery. In an attempt to decrease the foot-print of the second stage, an
innovative design called split parting configuration has been designed and first
applied in a seawater desalination plant in Eilat, Israel [10, 65]. In the split parting
system, the permeate is collected from both ends of the membrane vessels in the first
pass (Figure 7 [10]). Permeate from the feed end with lower boron concentration and
salinity is used for blending, whereas permeate produced from the concentrate end
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with high boron concentration is fed to the second pass. Boron rejection efficiency is
adversely proportional to the split ratio. Glueckstern and Priel [10] reported that the
overall boron rejection would decrease from 91% to 87% when the split ratio
increases from 28 to 80%, respectively. In order to effectively remove boron, pH of
permeate of the first pass is increased up to pH 10 before feeding the second pass.
Because such high pH condition may lead to the precipitation of sparingly soluble
salts, antiscalant must be dosed to the second pass feed at an appropriate rate to
prevent scaling. Another issue associated with a multi-pass configuration is the
increase in operating cost due to a low overall system recovery [66].

Seawater

SWRO

BWRO
Product

Increase
pH to
11

Figure 6. Two-pass desalination and boron removal system.

Product
Seawater

BWRO

SWRO
50%
recovery

90%
recovery

BWRO
Soda
caustic
dosing

Antiscalant
dosing

90%
recovery

BWRO
90%
recovery

Figure 7. Flow diagram of the seawater desalination plant in Eilat, Israel [10].
In some circumstances where feed water TDS is exceptionally high and the standard
for water product is stringent, a complicated RO system may be used such as the one
used in Ashkelon, Israel [67]. The system utilized four RO passes in series to treat
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seawater contains 40,700 mg/L TDS (Figure 8 [67]). The boron concentration in
permeate must be lower than 0.4 mg/L, and chloride lower than 20 mg/L. The first
pass of the first stage and the second stage operates at low pH in order to remove
TDS and increase recovery without membrane scaling. The second pass of the first
and second stage operates at high pH (> 10) to achieve greater boron rejection.

Product
TDS <80 mg/L

Seawater
TDS: 40,700 mg/L

Low pH
45% recovery

High pH
85% recovery

Low pH
85% recovery

Concentrate

High pH
90% recovery

TDS: 72,600 mg/L

Figure 8. Flow diagram of the seawater desalination plant in Ashkelon, Israel [67].
Another development in the design of seawater RO plants is a “hybrid” system which
combines membrane technology with ion-exchange (IE) [56, 68]. A concept design
of this system is presented in Figure 9 [56]. Boron selective ion exchange resin is
typically capable of removing boron from the first pass RO permeate to a level of
below 0.1 mg/L which is far below the required limit [69]. However, the use of ion
exchange will entail the treatment and disposal of the regeneration solutions [70-71].
Menik et al. [72] have utilized electrodialysis and RO to treat the regeneration
solutions. The authors argued that by using this integrated technology, it does not
only decrease the consumption of the regenerating acid but also makes it feasible to
recover boron as a commercial product. However, the effectiveness and applicability
of this technology still need further investigations before any industrial scale
installation can be realised. Therefore, applications of this RO-IE hybrid system for
seawater desalination remain quite limited.
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Figure 9. Flow diagram of a hybrid RO/IER (Ion Exchange Resin) boron removal
system [56].
3. 2 Modelling boron rejection
Size exclusion and electrostatic interaction are two fundamental phenomena
governing solute rejection by NF/RO membrane processes. Size exclusion is usually
used to describe the rejection of neutral solutes, whereas electrostatic interaction is
commonly used to explain the rejection of charged solutes. Most of the existing
models depicting solute rejection rely on the basis of either of these two rejection
mechanisms, or both. Since boron exists in solution in the form of boric acid and
borate salts which are essentially typical solutes, boron rejection by NF/RO
membranes can be described by the existing models. Mathematical models capable
of describing the transport of a solute in an NF/RO filtration process can be
developed based on ether a phenomenological or a mechanistic approach. The former
approach was employed by Kedem and Katchalsky [73] to develop irreversible
thermodynamic models allowing for a simple and effective representation of the
separation process. However, the irreversible thermodynamic model considers the
membrane as a black box with no descriptions and explanations as how the
separation essentially occurs. On the other hand, models derived from the
mechanistic approach such as the solution-diffusion and the steric-hindrance pore
models are intrinsically complex. Nevertheless, these models are capable of
describing the underlying physical phenomena and therefore allowing for a better
elucidation of various factors on the separation process. For example, these
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mechanistic models can relate separation with structural-related membrane
parameters in order to describe the transport of solutes [74].
3.2.1

Solution-diffusion model

The solution-diffusion model emerged several decades ago as one of the most widely
accepted explanations of the transport of water and solute in nanofiltration and
reverse osmosis processes [75]. This model incorporates three essential stages:
sorption, diffusion, and desorption. A separation between different solutes is attained
due to the different rates of those three stages of each solute to a membrane material.
The solution-diffusion model was based on a number of assumptions. The first and
essential assumption about the transport through membranes is that the fluids on
either side of the membrane are in equilibrium with the membrane material at the
interface [75]. This assumption implies that there is a continuous chemical potential
gradient through the membrane, and the rates of adsorption and desorption stages are
much higher than the rate of diffusion. This is probably true in most of membrane
processes, with the exception of those involved in chemical reactions, or in diffusion
of gases through metals, where interfacial adsorption can be slow [75]. The other
assumptions of the solution-diffusion model are:


The active membrane layer is a dense membrane without pores. Permeating
components dissolve in the membrane phase.



Salt and water flux are independent of each other.



Salt flux results only from a concentration gradient, but not from pressure.



Water concentration and water diffusion coefficient across the membrane are
constant due to membrane swelling.

Mass transport in a NF/RO process can be represented by Fick‟s law [76]:
Ji = - CDijxi

(Eq. 3)

Where Ji is mass diffusion flux of the component i [kg.m -2.s-1]; C is concentration
[kg.m-3]; Dij is diffusion coefficient or diffusivity of the component i to j [m 2.s-1]; xi
is mole fraction of the component i.
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Another more simple and common form of Eq.3 is:
J i   Dij

dC
dx

(Eq. 4)

The flux Ji through a perpendicular plane to the direction of diffusion is proportional
to the gradient

dC
in chemical potential of component i. All the ordinary driving
dx

forces, such as gradients in concentration, pressure, temperature, and electromotive
force, can be reduced to chemical potential gradients. Their effects on flux are
demonstrated through a proportionality constant called the diffusion coefficient Dij.
In principle, the diffusion coefficient varies across the membrane as a consequence
of the varying concentration level at the membrane. Furthermore, the total density
can vary across the membrane as a consequence of the varying concentration.
However, in RO, the solvent concentration in the membrane alters only very slightly
between the feed and permeate side, the total density and diffusion coefficient can be
regarded as constant [77]. The magnitude of the diffusion coefficients of molecules
permeating through non-porous membranes depends on the size of the diffusing
particles and on the nature of the material through which diffusion occurs. In general,
the diffusion coefficient declines as particle size increases [74].
The permeation of each component can be driven by either a concentration (or
activity) gradient or a pressure gradient between the feed and the permeate sides. In
the solution-diffusion model, as mentioned above, it is assumed that the pressure
gradient does not influence the permeation of boron. In contrast, according to the
assumption of constant water concentration in the membrane, the applied pressure is
the only driving force for the permeation of water across the membrane. These
simplifying assumptions lead to two independent transport equations of water and
solute (boron) [78]:

J v  PA (P   )

(Eq. 5)

J s  PB (CM  CP )

(Eq. 6)

Where Jv is volumetric water flux [m3.m-2.s-1]; Js is gravimetric solute flux [kg.m-2.s1

]; PA is pure water permeability coefficient [m 2.s.kg-1]; PB is solute permeability
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coefficient [m.s-1] (PA and PB need to be determined by experiments); P and 
are the applied pressure difference and osmotic pressure difference between two
sides of membrane [kg.m-1.s-2], respectively; CM and Cp are solute concentrations on
the membrane surface in feed and permeate side [kg.m -3], respectively.
The concentration of solute at a membrane surface can be estimated from that in a
bulk by the following equation [79]:
CM  C P
J 
 exp  v 
CB  CP
 k 

Where k 

D



(Eq. 7)

is the mass transfer coefficient of solute [m.s-1],  is the thickness of

boundary layer [m], CB is the solute concentration in bulk [kg.m-3].
Eq.5 implies that water permeation through a membrane is directly proportional to
the difference between applied pressure and osmotic pressure, and to the
permeability coefficient. The latter is temperature dependent. Eq.6 shows the effect
of concentration gradient and the solute permeability coefficient on the transport of
solute. Therefore, it is expected that the solute rejection efficiency, which can be
described as Js/Jv, is a function of operating pressure, temperature, boron
concentration, and concentration polarization.
Several studies investigating the transport of boron through RO membranes - such as
Sagiv [80] and Taniguchi [81] - considered a single boron permeability coefficient
even though there may be two distinctive species of boron, namely boric and borate,
existing concurrently in an aqueous solution. On the other hand, Hung et al. [15]
argued that because the rejection of boric could differ significantly from that of
borate, it would be necessary to take into account the permeability of both species
independently. The speciation of boric acid can be described as:

pH  pK a  log

Cborate
Cboric

(Eq. 8)

Cboric  Cborate  Cboron

(Eq. 9)
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Taniguchi et. al. [81] utilised the solution-diffusion model to examine the correlation
between two solutes (sodium chloride and boron) concentration in permeate by the
following equations:

CP 

CBCSP
CSB ( PS / PB )  CSP

(Eq. 10)

Where CSP and CSB are the salt concentration in permeate and in bulk [kg.m -3],
respectively; PS and PB are the salt permeability and boron permeability [m.s-1].
CSB and CBB can be considered as constant in one kind of feed water. Therefore, C BP
and CSP are influenced only by the rate PS/PB which has been approximated as PB =
94.3 PS [81]. It is also noted that the actual data may be affected by the changes of
flow conditions along the membrane element. Although this correlation has been
generated particularly for sodium chloride and boron as solutes, it inspired a
perspective to modify it for application to other solutes.
Appropriate

interpretation

of

transport

mechanism

and

simplification

in

mathematical expressions allow the solution-diffusion model to effectively describe
the transport of boron in a NF/RO process. This model may not be able to
quantitatively describe mass transfer at high solute concentrations because no
interactions between the permeating components include solute-solute and solutewater, have been taken into account. Nevertheless, it is also noteworthy that almost
all NF/RO applications for boron removal from seawater involve very low boron
concentration.
3.2.2

Irreversible thermodynamic model

The fundamental transport equations of the irreversible thermodynamic model for
general membrane permeation were derived by Kedem and Katcalsky [73]:

J v   PA (P   )

(Eq. 11)

J s   PB C  (1   ) J v C

(Eq. 12)
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Where  is the reflection coefficient, which represents the extent of boron-water
coupling; C is the superficial boron concentration [kg.m -3] which is in equilibrium
with the concentration of boron in the membrane phase; C is the average value of
boron concentrations in the feed and permeate side [kg.m -3].
It may not be appropriate to use the average value of boron concentrations C due to
the fact that the boron concentration near the membrane surface is commonly higher
than the boron concentration in the bulk phase as a result of concentration
polarization. In order to solve this problem, Spiegler and Kedem [82] have derived
the following equation by integrating Eq.7 and a differential form of Eq.12:

R

CM  CP  (1  F )

CM
1  F

(Eq. 13)

 J (1   ) 
Where F  exp   v

PB


Mane et al. [83] expanded the irreversible thermodynamic model to simulate boron
rejection by pilot SWRO process under different conditions including feed solution
pH, recovery rate, applied pressure and temperature. By utilising the twodimensional finite element analysis, the model simulated boron rejection by a pilotscale consistently to the experimental results. The model was also further applied to
simulate the performance of a hypothetical full-scale single-pass RO process. The
simulated results were consistent to the results obtained by the single element
simulation. However, the accuracy and feasibility of the prediction were not verified
by practical RO process.
The irreversible thermodynamic model differs from the solution-diffusion model in
several ways. In the irreversible thermodynamic model, solute transport is coupled
with water transport and this solute-water coupling phenomenon is represented by a
reflection coefficient (. In contrast, water and solute transports are assumed to be
independent in the solution-diffusion model. The reflection coefficient illustrates the
effect of osmotic pressure on water flux in Eq.11, and is included in the convection
transport of the solute as shown in the last term of Eq.12. The reflection coefficient
approaches unity for a very dense membrane and zero for a completely open
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membrane. Where the coupling solute-water is very small ( ≈ 1), the solute
transport by convection becomes negligible. Moreover, in the irreversible
thermodynamic model, the solute flux is described as a function of the water flux
(Eq.12). This correlation has elucidated an initial assumption of the solutiondiffusion model, and thus created a further essential understanding on the mass
transport through semi-permeable membranes.
3.2.3

Electrostatic and steric-hindrance (ES) model

In order to describe the transport of electrolytes across a NF membrane, Wang et al.
[84] proposed a model taking into account both electrostatic and steric-hindrance
effect. Their model is commonly known as the electrostatic and steric-hindrance (ES)
model. The model implies that solute rejection is a function of the ratio of charge
density of the membrane to ionic concentration, solute molecules radius to
membrane pore radius, and the relative mobility between cations and anions.
The model is widely accepted as one of the most adequate and comprehensive
models to depict the transport of solutes, especially charged solutes, through NF
membrane because it involves both charged and steric interactions which are
commonly present in membrane separation processes. Nevertheless, to date, no
studies in the open literature have applied this model for the modelling of boron
transport in a NF/RO process. As a result, this model will be only briefly mentioned
in this review. Although the membrane is assumed to have an effective pore size,
since both borate and boric are also very small in size, this assumption should not be
seen as a limitation of the electrostatic and steric-hindrance model. The electrostatic
and steric-hindrance model has the potential to relate solute rejection to a range of
physiochemical properties of both the membrane and the solute including solute
charge and size, membrane charge density, membrane pore size, and mobility of ions
in solution. Future applications of this model to describe the transport of boron in a
NF/RO process can be expected.
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3. 3 Factors governing boron rejection
3.3.1

Solution pH

Hyung and Kim [19] have applied the irreversible thermodynamic model to predict
the effect of solution pH on boron rejection by NF/RO membranes through boron
permeability and reflection coefficient. This correlation is given in the following
equation:

R0
1  exp( J v (1   B ) / PB
B


1  R0 1   B
exp( J v / kB )

(Eq. 14)

Where R0 is the apparent rejection, R0 = (Cf-Cp)/Cf;
Mass transfer coefficient kB is determined by

ksalt
D
 ( salt )0.75
kB
DB

(Eq. 15)

Once kB was determined, σB and PB can be attained from a non-linear optimization of
Eq.14 using a set of experiments to measure apparent rejection R 0 and water flux Jv
of boron under various pressures. The effects of pH on boron permeability and
reflection coefficient are given by the set of equations:

P B   0  PH3BO3  1  PH BO 
2

(Eq. 16)
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 log K a' 1 

2291.9
 0.01756  3.385  3.904  S 1/ 3
T

(Eq. 20)

Where α0 and α1 are the fraction of boric acid and borate ion, respectively; K a' 1 is the
apparent first acid dissociation constant of boric acid; S is the total salt concentration
[mg/L]; the permeability constants of boric acid and borate ion can be calculated by
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substituting known parameters (PB, α0 and α1) at various pH into Eq.16, and solving
the resulting set of equations.
The dissociation of boric acid at high pH leads to charge repulsion between the
negatively charged borate ion and the negatively charged membrane surface. This
electrostatic interaction plays an important role in the overall rejection of boron.
Charge repulsion prevents the permeation of the negatively charged borate species
(decreasing PB) and results in a decrease in solute-solvent coupling, which ultimately
leads to an increase in the reflection coefficient of boron (B). Consequently, the
integrated effects of decreasing PB and increasing B lead to a higher boron rejection.
The opposite behaviours of permeability and reflection coefficient to pH adjustment
examined by Hyung and Kim [19] are presented in Figure 10.
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Figure 10. Effect of pH on boron permeability constant (PB) and reflection
coefficient (B). Three different RO membranes were used: SWC4+, SW30 HR LE
and SW30 HR XLE [19].
Experimental data and results from full-scale RO installations have consistently
confirmed the correlation between boron rejection and the solution pH [11-13, 85].
In good agreement with the study by Hyung and Kim [19], Dydo et al. [14] found
that boron rejection was low at pH less than 8.5, but remarkably increased as the
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solution pH increased beyond pH 9.5, and reached the maximum value of more than
99% at pH 11 (Figure 11 [15]). Dey et al. [86] investigated boron rejection by a
double pass RO system and argued that the optimum interstage pH value was
roughly 9.0. In addition, it has been reported that loose NF membranes would exhibit
a much more dramatic increase in boron rejection than that by RO membranes as the
feed solution pH increases from 6 to 11 [55].
The dependence of boron rejection on feed solution pH can be attributed to the
dissociation of boric acid at high pH as previously described in Section 2. 2. When
the solution pH increases, boric acid reacts with water to produce B(OH) 4-. The ionic
borate is not only larger in molecular size but also negatively charged. The latter
property of the ionic borate leads to an enhanced rejection as a result of electrostatic
interaction between the negatively charged membrane and the anionic species [56,
59, 87]. It is noteworthy that most polyamide membranes are negatively charged and
the membrane surface charge density increases as the solution pH increases [88-89].
Higher membrane surface charge density can also improve the rejection of the
negatively charged borate as a result of an increase of charge repulsion. Furthermore,
it has also been suggested that boric acid might form hydrogen bridges with the
active groups of the membranes and therefore could diffuse through the membrane in
a similar way to that of water [60]. However, experimental data have not been
reported to support this hypothesis.
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Figure 11. The dependence of boron rejection on pH of solution for different
membranes [15].
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3.3.2

Ionic strength

The solution ionic strength may exert a significant influence on the rejection of
charged solutes by NF/RO membranes. Several researchers have reported that the
rejection of negatively charged organics would increase as the solution ionic strength
decreases [90-91]. This is due to a thicker membrane electrical double layer existing
at low ionic strength conditions. The thicker electric double layer limits the area for
charged solute transports, whereas water transport is not affected by the thicker
double layer. Consequently, the overall rejection increases. The rejection of
conductivity as a function of the solution ionic strength (using two different
electrolytes: KCl and NaCl) is illustrated in Figure 12 [90]. A significant decrease (of
approximately 50%) in the rejections of both KCl and NaCl was observed as the
solution ionic strength increased from 0.05 to 0.075 mol/L.
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Figure 12. Influence of ionic strength on inorganic salts rejection at pH = 7 [90].
One can expect from the above discussion that the behaviour of borate separation
would be similar to that of organic and inorganic compounds. Indeed, a recent study
has shown that boron rejection would decrease slightly as the solution ionic strength
increases (Figure 13a) [92]. Results presented in Figure 13a are consistent with the
theory of charge shielding and a thicker double layer existing at low ionic strength.
In addition, increasing ionic strength may decrease the zeta potential of membranes,
which would reduce electrostatic interaction between borate and the membrane
surface and hence boron rejection [89, 93]. However, as previously discussed in
Section 2. 2, an increase in ionic strength may lead to a decrease in the dissociation
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constant (pKa) of boric acid. A decrease in the dissociation constant can directly
translate to changes in the speciation of the boric acid compound, resulting in a
higher fraction of the negatively charged borate species at a given pH. This
phenomenon can therefore lead to an increase in the overall rejection of boron as the
solution ionic strength increases. In fact, a recent study by Tu et al. [55] has also
shown a small but discernible increase in boron rejection by NF/RO membranes as
CaCl2 concentration in feed solution increases (Figure 13b). It is noteworthy that in
their study, the experiments were conducted at pH 10. Given the intrinsic pKa value
of boric acid of 9.23, the speciation of boric acid is very sensitive to any changes to
the dissociation constant at pH 10. It is also prudent to note that the overall influence
of ionic strength on boron rejection is small and the variations reported in Figure 13
may be within the experimental errors. Another recent study by Xu et al. [85] also
reported the proportional behaviour of boron rejection and feed salinity. On the other
hand, Koseoglu et al. [94] reported that boron rejections from two different salinity
feed waters – seawater and diluted water – were almost the same at pH 10.5. The
authors argued that the negative effects of concentration polarization at high ionic
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Figure 13. Effect of salt concentration on boron rejection by various NF/RO
membranes at pH 10 [55, 92]
3.3.3

Boron concentration

According to both the irreversible thermodynamic and solution diffusion transport
models, solute concentration is not expected to play any role in governing the
separation of boron by NF/RO membranes. In fact, the independency between boron
rejection and feed concentration has been confirmed by several recent studies [16-17,
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59, 85]. Data reported by Cengeloglu et al. [16] are shown in Figure 14 as an
example. The formation of poly-nuclear borate ions at high boron concentrations
(Section 2. 2) is not expected to affect the boron rejection in desalination application
due to the low threshold boron concentration in desalination application. A study by
Liang [95] investigated boron rejection by several RO membranes with boron level
in feed is in the range of 7,000 to 15,000 ppm, and other operating conditions similar
to the standard test of manufacturer shown in Figure 5. The author reported a boron
rejection of 60% which is similar to that of the standard test although the boron level
used in this study was a thousand-fold higher.
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Figure 14. The dependence of boron rejection on the boron concentration of feed
water [16].
3.3.4

Operating pressure

According to the solution-diffusion model, water flux increases proportionally to the
difference between the applied pressure ( P ) and the osmotic pressure (  ) but
solute flux does not. As a result, a decrease in solute concentration in the permeate
can be obtained as the applied pressure increases. However, an increase in the
applied pressure would also result in an increase in concentration polarization [96].
Consequently, an increase in boron concentration at the membrane surface (C m)
would lead to an increase in the boron flux (Eq.6). Therefore, the effect of pressure
on boron rejection is dependent on the trade-off between a higher water flux and a
higher concentration polarization modulus. Most experimental data reported to date
indicate that boron rejection would increase with increasing applied pressure (Figure
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15) [16-18, 85]. This result implies that the increase in concentration polarization
effect is less significant than the increase in water flux.
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Figure 15. Boron rejection as a function of operating pressure of some commercial
membranes [16-18].
Although the solution-diffusion model predicts very well the impact of operating
pressure on boron rejection, this model disregards the transport of boron by
convection. The irreversible thermodynamic model has mathematically demonstrated
that convection transport of boron can be important. This is especially true under
high operating pressure and low solute concentration conditions where the transport
of boron is dominated by convection rather than diffusion. The convection transport
can lead to the coupling between water flux and boron permeation. Since water flux
is apparently dependent on applied pressure, boron permeation is expected to be
influenced by applied pressure as well. Once again, experimental data shown in
Figure 15 imply that the effect of the applied pressure on the water flux overwhelms
that on the permeation of boron.
3.3.5

Operating temperature

According to Hyung and Kim [19], the dependence of the transport of boron on
solution temperature can be estimated by several steps: Cm is calculated from Eq.13
using kB (obtained from Eq.15), Cf, Cp, and Jv (obtained from experiment data). From
the attained Cm, K a' 1 can be calculated using Eq.20. Then  0 and 1 can be
determined from Eq.18 and Eq.19. The permeability coefficient of boric acid

31

Chapter 2: Literature Review

( P( H3 BO3 ) ) and borate ( P( H BO  ) ) at each temperature can then be estimated by
2

3

substituting the attained parameters (PB,  0 and 1 ) at various pH into Eq.16,
respectively, and solving the set of equations.  H3 BO3 and  H BO  at each temperature
2

3

can be calculated from Eq.17 using the same approach. Accordingly, the temperature
dependence of boron transport parameters can be summarized in these two equations:

k BT  k B 0 exp(0.04(T  T0 ))

(Eq. 21)

PB  P( H3BO3 )T  P( H BO  )
2

3

T



K al'
{H }

 P( H3 BO3 )0 exp(0.067(T  T0 ) 
P
exp(0.067(T  T0 ))

{H  }  K a' 1
{H  }  K a' 1 ( H 2 BO3 )0
(Eq. 22)
Both the permeability constant and the mass transfer coefficient of boron enhance
with increasing temperature (Figure 16 [19]). An increase of kB leads to an
enhancement of boron rejection because increasing kB would decrease the
concentration polarization. It should be noted that both the water permeability
coefficient in Eq.5 and the boron permeability coefficient in Eq.6 would increase as
temperature increases. Consequently, the temperature dependence of boron rejection
would be determined by a trade-off between temperature dependence of the
permeability coefficient and that of the permeability coefficient. The increase of
boron passes through the membrane as temperature increases implies that the
temperature dependence of the permeability coefficient overwhelms that of the
permeability coefficient.
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Figure 16. Temperature dependence of permeability constant PB and mass transfer
coefficient kB. HR LE membrane was used [19].
Another study by Hung et al. [15] also found an inverse correlation between
temperature and boron rejection by RO membranes. However, whereas Hyung and
Kim estimated boron permeability first and used it to determine boric and borate
permeability, Hung considered boric acid and borate as two different species because
they are rejected by RO membranes at greatly different levels. Accordingly, boric
acid and borate permeability were simultaneously estimated by experimental data.
The prediction was well matched with experimental observation (Figure 17 [15]) that
boron rejection significantly decreases as temperature increases which was consistent
with previous studies [85].
As discussed previously in Section 2. 2, an increase in temperature may lead to a
decrease in the apparent pKa value of boric acid. In other words, higher feed solution
temperature would result in a higher fraction of the negatively charged borate and
hence higher boron rejection at a given pH. As a result, the effect of temperature on
boron rejection is a trade-off between the decrease of pKa and the increase of boron
permeability (PB) through the membrane. However, because the temperature
influence on boron permeability is much stronger than the corresponding decrease of
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pKa (Figure 3b), boron rejection would generally decrease as the feed water
temperature increases.
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Figure 17. Boron rejection as a function of temperature by model prediction and
experimental observation [15].
3.3.6

Membrane fouling and chemical cleaning

Membrane fouling is a problematic and inevitable issue encountered in almost any
membrane filtration plant [97]. It is caused by various foulants including inorganic
scale, micro-organisms, colloidal particles, and organic matter [98]. The presence of
the fouling layer can drastically alter the characteristics of the membrane surface
including surface charge, surface roughness, and hydrophobicity, in addition to a
decreasing water production rate [88, 99-101]. In order to restore productivity,
chemical cleaning is conducted on a regular basis. Cleaning reagents commonly used
for NF/RO membranes can be classified into five different categories: alkalines,
acids, metal chelating agents, surfactants, and enzymes [102]. Although widely used
in practice, membrane cleaning procedures are commonly based on the rule of thumb
and can be counter-productive in some cases if an inappropriate cleaning reagent is
selected. To date, mechanistic understanding of the intricate interactions among the
membrane surface, foulants, and cleaning chemicals that is necessary for proper
selection of cleaning reagents, remains rather limited [103]. More importantly, such
repetitive cleaning cycle may result in a gradual change in the characteristics of the
membranes, subsequently altering the separation behaviour [103-104].
The effects of membrane fouling and chemical cleaning on the solute rejection by
NF/RO membranes have recently been the focal point of numerous dedicated studies
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[102, 105-109]. However, it is surprising to note that, to date, research elucidating
the effect of membrane fouling and chemical cleaning on boron rejection remains
very limited. A notable exception is a study by Huertas et al. [63] who investigated
the effect of biofouling on boron rejection during seawater desalination. The authors
reported a remarkable decrease of boron rejection by the reverse osmosis LFC-1
membrane and the nanofiltration NF-70 membrane of up to 45 and 44%,
respectively, when a bio-film of P. aeruginosa P1 was introduced [63]. The authors
attributed this severely negative effect of membrane fouling on boron rejection to the
cake-enhanced concentration polarization phenomenon as a result of the formation of
the bio-film on the membrane surface. In a subsequent investigation, Oh et al. [110]
developed a model simulating the effects of cake formation and scale formation on
boron rejection by RO membranes. In good agreement with the previous study by
Huertas et al. [63], the simulation results indicated that boron rejection would
decrease as the formation of cake and scale occurred.
3. 4 Augmentation techniques for rejection enhancement
The feed solution pH appears to be the single most important factor governing the
rejection of boron by a given NF/RO membrane. The separation of boron can be
influenced by the feed solution pH in several ways. A pH value higher than the first
pKa value of boric acid can significantly increase boron rejection by means of both
size exclusion and charge repulsion mechanisms. In addition, an increase in the
solution pH can lead to an increase in the membrane surface charge density, resulting
in an enhanced charge repulsion between the negatively charged borate species and
the negatively charged membrane surface. This unique feature has been utilised by
many seawater RO desalination plants to enhance boron rejection. It is noteworthy
that in practice, increasing the pH of seawater to above pH 9 is not economical due to
a high buffer capacity of raw seawater and the high risk of membrane scaling. As a
result, elevated feed solution pH has only been used in the second pass, after
adequate removal of multivalent cations such as Ca 2+ and Mg2+ to eliminate the risk
of membrane scaling at high pH.
Another interesting approach to enhance the rejection of boron by NF/RO
membranes is to utilise the complexation between chemical compounds containing
multiple hydroxyl groups (polyols) and boric acid (Section 2. 2). Geffen et al. [33]
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employed the complexation between boric acid and mannitol (a polyol compound) to
enhance boron rejection using a NF, a brackish water and a seawater RO membranes.
Significant improvement in boron rejections by NF-200 membrane and BW-30
membrane were reported. The authors also reported that the boron rejections by these
two membranes were strongly affected by the concentration of manitol or the molar
ratio of manitol over boron. Boron rejection by the seawater RO SW-30 membrane
in the presence of mannitol was also considerably higher than that under baseline
condition (without mannitol). The reported increase in boron rejection has been
attributed to the formation of borate complexes which is not only bigger in molecular
size but also negatively charged. The approach proposed by Geffen et al. [33] has a
significant potential to enhance boron removal in membrane desalination
applications. Indeed, an enhanced boron rejection can be obtained at a relatively low
feed solution pH, thus reducing the risk of membrane scaling. It may be possible to
apply this technique to the first pass, allowing for the elimination of the second pass.
In another investigation, Qin et al. [111] reported a dramatic increase in boron
rejection by the ESPA1 RO membrane from 86.7% to 95% and 97%, when the
concentration of the anti-scalant Flocon® 260 in the feed was 0, 15, and 30 mg/L,
respectively. It is also notable that this enhancement in boron rejection was achieved
at pH 4.2. Although Qin et al. [111] did not provide any explanation to the
improvement of boron rejection reported in their study, it is possible that the active
ingredient of the Flocon® 260 complex with boric acid in the same way as that of
mannitol. The actual composition of this anti-scalant is proprietary and therefore is
not available in the open literature. Nevertheless, it is well known that the Flocon ®
260 contains a mixture of polycarboxylic acids which possesses multiple hydroxyl
groups similar to those of polyols.
Several studies have attempted to utilise the advantages of integrated systems. For
example, Macedonio and Drioli [112] investigated boron rejection by an integrated
system RO - membrane distillation (MD), and reported that a boron rejection up to
93% can be achieved by this scheme. However, the implementation of MD process
could lead to high operating cost and membrane fouling potential.
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CHAPTER 3: COUPLING EFFECTS OF SOLUTION PH
AND IONIC STRENGTH ON BORON REJECTION BY
NF/RO MEMBRANES
1. INTRODUCTION
There has been a growing body of dedicated research work aiming to optimise the
rejection of boron during seawater desalination using RO technology [113-114].
Most of the previous research examined the effects of operating conditions (such as
feed solution pH [9, 11], temperature [15], and recovery [10, 115]) on boron
rejection by RO membranes in attempt to optimise the removal of boron in an RO
seawater desalination process. It is however noteworthy that previous research
elucidating the effects of ionic strength on boron rejection by NF/RO membranes
remains very limited. To date, the intricate interplay between the feed solution pH
and ionic strength and their effects on boron rejection have not been systematically
investigated. Oo and Song [92] reported a decrease in boron rejection by three RO
membranes (ESPA1, LFC1, and CPA2) as the feed solution salinity increased up to
15,000 mg/L of NaCl (corresponding to an ionic strength of approximately 260 mM).
In their subsequent study, Oo and Ong [89] attributed the decrease in boron rejection
by these three RO membranes to a shift in zeta potential of the membrane surface
from negative to positive values as the feed solution salinity increased beyond 2,000
mg/L of NaCl (or an ionic strength of approximately 35 mM). Nevertheless, in this
study, Oo and Ong [89] also reported an increase in boron rejection by two other RO
membranes (ESPA-B and SWC4+) as the feed solution salinity increased over the
same range.
This study aimed to elucidate the coupling effects of feed solution pH and ionic
strength on the rejection of boron by NF/RO membranes. Five commercially
available membranes were selected for this investigation to span the complete
NF/RO membrane spectrum, thus allowing for a systematic investigation of the
mechanisms involved. Key physicochemical properties of the selected membranes
were characterised in detail. Boron rejection was evaluated at different pH and ionic
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strength values. The obtained rejection data were delineated with respect to
physicochemical properties of boric acid and the selected membranes.
2.

PHYSIOCHEMICAL PROPERTIES OF BORIC ACID

In seawater, boron exists primarily in the form of boric acid. Boric acid is a week
Lewis acid. However, with only 3 electrons in the valance shell, boron cannot
comply with the Octet rule and therefore boric acid is not a proton donor. Instead, the
dissociation of boric acid can only occur via a hydrolysis process:
B(OH)3 + 2H2O  B(OH)4- + H3O+
The dissociation constant (pKa) of this reaction is 9.23 [113]. At pH below this pKa
value, boric acid mostly exists in an undissociated form. Since boron is an electron
deficient element, the crystal radius of boric acid is quite large, which is reported in
the range of 0.244-0.261 nm [28]. As a result, boric acid is poorly hydrated and is
therefore expected to have a small hydrated radius.
It is noteworthy that the intrinsic pKa1 of 9.23 is corresponding to a standard
condition (i.e., dilute solution, at 200C and atmospheric pressure). Being a weak acid,
the apparent (actual) pKa value of boric acid can deviate considerably from this
intrinsic value depending on several factors including ionic strength, pressure, and
temperature. It was reported that the pKa of boric acid would decrease approximately
1 unit, from 9.23 to 8.60, when the feed salinity increased from 0 ppm to 40,000 ppm
(Figure 2) [30]. The shift in pKa of the boric acid in response to the solution ionic
strength is expected to exert some influence on the rejection of boron by NF/RO
membranes. This premise will be examined in a later section.
3.

MATERIALS AND METHODS

3. 1 Nanofiltration and reverse osmosis membranes
Two nanofiltration membranes, namely NF270 and NF90, and three reverse osmosis
membranes, namely BW30, SW30 and UTC80, were used in this study. The UTC80
membrane was supplied by TorayTM Industries (Tokyo, Japan). All other membranes
were supplied by Dow FilmTecTM (Minneapolis, MN, USA).
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3. 2 Contact angle measurement
Contact angle measurement were conducted by a Rame-Hart Goniometer (Model
250, Rame-Hart, Netcong, NJ) using the standard sessile drop method (Figure 18).
Milli-Q water was used as the reference solvent. The membranes were dried in the
air before the measurements. Contact angles on both sides of the droplet were
measured. At least 5 droplets on each membrane sample were measured, and twenty
counts of each droplet were recorded.

Figure 18. Rame-Hart Goniometer
3. 3 Zeta potential measurement
Zeta potential of the membrane surface was measured by a SurPASS electrokinetic
analyser (Anton Paar GmbH, Graz, Austria) (Figure 19). The zeta potential of
membrane surface was calculated from the measured streaming potential using the
Fairbrother-Mastin approach. All streaming potential measurements were conducted
in a background electrolyte solution containing 10 mM KCl. Hydrochloric acid and
potassium hydroxide were used to adjust pH by means of manual titration. The test
solution was used to thoroughly flush the cell prior to the pH adjustment for each
measurement. All streaming potential measurements were performed at room
temperature of approximately 25 oC, which was monitored by the temperature probe
of the instrument.
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Figure 19. Anton Paar SurPASS Electrokinetic Analyser
3. 4 Cross-flow membrane filtration system and experimental protocol
A laboratory-scale, cross-flow membrane filtration test unit with a rectangular
stainless steel cross-flow cell was used in this study (Figure 20 and Figure 21). This
cell has an effective membrane area of 40 cm 2 (4 cm x 10 cm) with a channel height
of 2 mm. The unit utilizes a Hydra-Cell pump (Wanner Engineering Inc.,
Minneapolis, MN) capable of providing pressures up to 6800 kPa and a flow rate of
4.21 L/min. Feed pressure and cross-flow velocity were controlled by a bypass valve
and a back-pressure regulator. The temperature of the test solution was kept constant
using a chiller/heater (Neslab RTE 7) equipped with a stainless steel heat exchanger
coil, which was submerged directed into a stainless steel reservoir. Permeate flow
was measured by a digital flow meter (Optiflow 1000, Agilent Technologies, Palo
Alto, CA) connected to a PC, and the cross-flow rate was monitored by a rotameter.
Permeate and retentate flows were recycled back to the feed reservoir.
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Figure 20. Schematic diagram of the NF/RO test system.
At beginning of each experiment, the membrane was compacted using 9 L deionized
water at a pressure of approximately 500 kPa higher than the normal operating
pressure of each membrane. Membrane compaction was conducted in at least 1 h
until a stable baseline flux was obtained. The electrolyte solution was then added to
the feed reservoir, and made up the total feed volume of 10 L. For all experiments,
the cross-flow velocity and permeate flux were adjusted to be 30.4 cm/s and 40
L/m2h, respectively. The temperature of the feed solution was kept constant at 20 ±
0.1 oC during the experiment. To assess the impact of solution pH on the rejection of
boron, the solution pH was raised to 11 by adding an appropriate volume of 1M
NaOH, and then the pH was incrementally dropped to pH 6 by adding 1M HCl. To
investigate the impact of ionic strength on the rejection of boron, a predetermined
volume of 0.1 M CaCl2 or 1 M NaCl was added to the feed solution to create a step
wide increase in the concentration of either CaCl 2 or NaCl in the feed solution,
respectively. Approximately 0.5 mL of feed and permeate sample was collected for
analysis at about 1 h after the beginning of each investigated condition. The system
was operated at a full recirculation mode, where both permeate and concentrate were
recirculated to the feed tank, except for permeate sample collection. Permeate flux
was kept constant during the experiment to minimize the effect of flux on rejection.
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Figure 21. Cross-flow NF/RO test system
Unless otherwise stated, all experiments were conducted based on an electrolyte
background that includes NaCl, CaCl2, and NaHCO3 at concentrations of 10 mM, 1
mM, and 1 mM, repectively. Boron in the form of boric acid (H3BO3) was spiked
into the feed solution at a level of 0.43 mM (or 4.6 mg/L as boron), which is the
average boron concentration in seawater. Trace analytical grade Suprapur nitric acid
from Merck Co. (Darmstad, Germany) was used for dilution and sample preparation
prior to ICP-MS analysis. All other chemicals used in this investigation are of
analytical grade.
3. 5 Analytical methods
The concentrations of boron, sodium and calcium were analysed using an Agilent
7500CS (Agilent Technologies, Wilmington, DE, USA) inductively-coupled plasma
mass spectrometer (ICP-MS) (Figure 22). Lithium internal standard (BDH
Spectrosol, Poole, UK) was spiked to all samples at the concentration of 40 g/L.
Sample dilution was carried out with 5% Suprapur nitric acid with a dilution factor
of up to 20. To avoid contamination, all apparatus related to preparing samples were
of plastic materials, and were soaked in 5% Suprapur nitric acid for at least 24 hours
before being used. Calibration was conducted prior to each batch of analysis. The
linear regression coefficients of all calibration curves were more than 0.99 for all
elements. Prior to each batch of analysis, the ICP-MS was tuned by a multi-element
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tuning solution that contained 10 g/L of Li, Y, Ce, Tl and Co. Each analysis was
conducted in triplicate and the variation was always less than 5%. Conductivity and
pH were measured using an Orion 4-Star Plus pH/conductivity meter (Thermo
Scientific, Beverly, MA, USA).

Figure 22. Agilent 7500CS (Agilent Technologies, Wilmington, DE, USA)
inductively-coupled plasma mass spectrometer (ICP-MS).
4.

RESULTS AND DISCUSSION

4. 1 Membrane characterization
According to the manufacturers, all five membranes used in this study are made of an
ultra thin polyamide skin layer on top of a micro-porous supporting layer. The
former governs the separation characteristics of the membrane whereas the later
provides mechanical strength to the membrane. These membranes are selected to
span the spectrum of NF/RO membranes with regard to their nominal salt (such as
sodium) rejection values. The NF270 is a loose NF membrane with low sodium
rejection whereas the NF90 is a tight NF membrane with moderate sodium rejection
(Table 5). The BW30 is a brackish water RO membrane which can be used in the
second pass of a standard seawater RO desalination plant whereas both the SW30
and UTC80 are seawater RO membranes commonly used in the first pass. The three
RO membranes used in this study are considered to have a non-porous active skin
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layer and the nominal values of their pore size are not available. The membranes are
listed in Table 5 in the order of decreasing pure water permeability, which is also
consistent to the order of increasing salt rejection value with respect to both sodium
and calcium. Although contact angle (which measures the hydrophobicity of the
membrane surface) does not directly affect the rejection of solute, these parameters
can determine the transport of water through membranes which governs the overall
rejection of a membrane system [116]. However, contact angle does not correlate to
salt rejection nor the pure water permeability (Table 5). Because the polyamide layer
that makes up the membrane active skin contains both carboxylic and amine
functional groups that can ionize in an aqueous solution [93], the membrane surface
zeta potential can vary as a function of the solution chemistry, such as pH and ionic
strength. Schäffer et al. reported that the more negative membrane zeta potential
could lead to a higher salt rejection due to an enhanced electrostatic interaction
between the negatively charged membrane surface and a charged solute [117]. All
five membranes selected in this study are negatively charged in the pH range
between 6 and 11 (Figure 23). In addition, their negative surface charge density
increases as the solution pH increases (Figure 23). Results reported in Figure 23
suggest that electrostatic interaction can be an important rejection mechanism of
charged solutes, particularly for the two NF membranes.
Table 5. Properties of the membranes used in this study.

Membrane
NF270
NF90
BW30
UTC80
SW30

Average
pore
diameter a
(nm)
0.84
0.68
not
applicable
not
applicable
not
applicable

Na+
rejection b
(%)

Ca2+
rejection b
(%)

Pure water
permeability
(Lm-2h-1bar-1)

Contact angle (o)

35.8
87.2

57.5
88.6

14.0
10.5

28.8 ± 2.4
50.9 ± 4.9

96.2

97.7

3.5

54.6 ± 3.0

97.9

98.2

1.8

48.5 ± 5.4

97.9

98.5

1.2

62.0 ± 7.2

a

Ref [118].

b

Rejection data were recorded at pH 8.
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Figure 23. Zeta potential of selected membranes at 25 oC, in a background electrolyte
solution containing 10 mM KCl; pH was adjusted by using HCl and KOH.
4. 2 Effects of pH
The solution pH appears to be a major parameter governing the rejection of boron by
the five NF/RO membranes selected in this study (Figure 24a). Results presented in
Figure 24a are consistent with the literature and can be explained by the intricate
relationship among the speciation of boric acid, membrane surface charge, and
solution pH. Boric acid (which is the dominant of form of boron in environmental
water) can speciate from a neutral species to a negatively charged borate ion as the
solution pH increases beyond its first pKa value of 9.23 (Figure 24b). In addition, as
previously discussed in Section 2 (Chapter 3), when existing in as a neutral form,
boric acid is poorly hydrated. On the other hand, the borate ion is well hydrated and
therefore the speciation of boric acid to borate does not only represent the change in
charge interaction, but also an increase in the apparent hydrated size of the boron
solute. In addition, an increase in the solution pH can also increase the membrane
negative surface charge density (Figure 23), leading to an enhanced electrostatic
interaction with charged solute [93].
Previous studies investigating the effects of solution pH on boron rejection has
focused almost exclusively on RO membranes [15, 17, 19, 23, 56-57, 80, 89, 92, 94,
96]. By assessing a full NF/RO membrane spectrum, results reported in Figure 24a
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systematically demonstrate the significance of electrostatic interaction and a major
boron rejection by NF membranes. The two seawater RO membranes (SW30 and
UTC80) show a small increase (less than 10%) in boron rejection as the solution pH
increases from 6 to 11 (Figure 24a). In contrast, a much more dramatic increase in
boron rejection can be observed with the NF270 and NF90 membranes, whereas the
BW30 shows an intermediate behaviour (Figure 24a). As a result, the differences in
boron rejection by all five selected membranes decrease substantially as the feed
solution pH increases. Results reported in Figure 24a suggest that charged repulsion
is a predominant boron rejection mechanism of NF membranes at high pH.
Furthermore, there is a considerable scope for the use of NF rather than RO
membranes in the second pass. At pH 11, boron rejection by the NF90 is only
approximately 10% lower than that by the three RO membranes. Similarly, at pH 11,
the NF270 can achieve a boron rejection value of 65%, which is approximately 30%
lower than that by the three RO membranes. On the other hand, these NF membranes
can offer much higher permeability (from 3 to 11 times) than that of the RO
membranes and do not lead to over-demineralisation of the product water due to their
low sodium and calcium rejection values (Table 5). The latter can also reduce the
risk of membrane scaling involved in membrane filtration operation at high pH.
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Figure 24. (a) - Boron rejection by different membranes as a function of solution pH.
Feed solution contained 10 mM NaCl, 1 mM CaCl 2, 1 mM NaHCO3, and 0.43 mM
B(OH)3 (or 4.6 mg/L as B); feed temperature = 20 oC; permeate flux = 40 L/m2h;
cross flow velocity = 30.4 cm/s. The error bars show the standard deviations of four
repetitive experiments; (b) - The speciation of boric acid in water as a function of the
solution pH at a negligible salinity.
It is noteworthy that size exclusion is always an underlining rejection mechanism of
boron by NF/RO membrane under most if not all conditions. The importance of size
exclusion exhibits through the differences in boron rejection at a certain pH. At any
given pH value, boron rejection by five membranes generally increases in the order
of decreasing membrane pore size (Figure 24a and Table 5). At the very high pH
value (pH 11), this order is still maintained although the differences become smaller.
This implies that boron rejection by size exclusion mechanism is still important at all
pH conditions.
The rejection of conductivity or common cations such as sodium does not appear to
be a good surrogate for the removal of boron by NF/RO membranes. Conductivity
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rejections by most of the membranes remain largely constant despite of any changes
in the feed solution pH (Figure 25). An exception is the NF270 membrane, which
shows a considerable increase in conductivity rejection as the feed solution pH
increases. This observation can be attributed to the large pore size of this membrane
which encourages the impact of increasing electrical double layer on the membrane
surface in high pH conditions [90, 119]. The result implies that the rejection
mechanisms of boron differ substantially from that of the basic cations such as
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Figure 25. The rejection of conductivity (a) and sodium (b) as a function of solution
pH. Feed solution contained 10 mM NaCl, 1 mM CaCl2, 1 mM NaHCO3, and 0.43
mM B(OH)3 (or 4.6 mg/L as B; feed temperature = 20 oC; permeate flux = 40 L/m2h;
cross flow velocity = 30.4 cm/s).
4. 3 Effects of ionic strength
It is well established that an increase in the solution ionic strength can compress the
double layer of a charged solute or a charged membrane surface, resulting in a
reduced electrostatic interaction between these two entities [93]. On the other hand,
as previously discussed in Section 2 (Chapter 3), an increase in the solution ionic
strength may also reduce the apparent pKa value of boric acid, leading to a change in
the speciation of boric acid particularly at pH in the vicinity of its intrinsic pK a value
of 9.23. This interesting interplay between pH and ionic strength and their effects on
boron rejection by NF/RO membranes are systematically demonstrated in Figure 26.
At pH 10, there was a discernible increase in boron rejection by the NF270
membrane as the feed solution ionic strength increased from 15 mM to 42.5 mM.
This behaviour was consistently observed when either CaCl 2 or NaCl was used to
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increase the feed solution ionic strength. At pH 10, boron exits in both negatively
charged and neutral forms, which the former being the dominant species (Figure
24b). A reduction in the apparent pKa value (in response to the increasing ionic
strength) can increase in the fraction of the negatively charged borate ions, possibly
resulting in the subtle increase in boron rejection observed in Figure 26a. Boron
rejection by the BW30 also increased slightly as the feed solution ionic strength
increased (Figure 26a). Nevertheless, such an increase was quite marginal and in fact
there was a slight decrease in boron rejection by the BW30 as the ionic strength
increased from 15 mM to 22.5 mM. This is possibly because the BW30 is a RO
membrane and the charge repulsion rejection mechanism is not as significant as that
of the loose nanofiltration NF270 membrane. In contrast, at pH 6, 8, and 11, boron
rejectionby both the NF270 and BW30 remained constant despite changes in the feed
solution ionic strength (Figure 26b). At pH 6 and 8, boron exits predominantly in the
neutral boric acid form, charge repulsion is not a major rejection mechanism and the
feed solution ionic strength is not expected to have any substantial influence on
boron rejection. On the other hand, since pH 11 is almost 2 units above the pKa value
of boric acid, any reduction in the apparent pKa value of boric acid would only result
in a minor redistribution between the borate and boric acid species (Figure 24b).
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Figure 26. Boron rejection as a function of ionic strength at pH 11, 10, 8 and 6 by (a)
NF270 membrane and (b) BW30 membrane. Either CaCl2 or NaCl was used to
increase the feed solution ionic strength. Feed solution also contained 0.43 mM
B(OH)3 (or 4.6 mg/L as B); feed temperature = 20 oC; permeate flux = 40 L/m2h;
cross flow velocity = 30.4 cm/s.
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Results reported in Figure 27 further highlight the differences between the
separations of boron and common inorganic salts, which can be readily determined
by conductivity measurement. In fact, conductivity rejection by the NF270
membrane decreased considerably with increasing solution ionic strength (Figure
27a). The effect of increasing ionic strength on conductivity rejection appears to be
more prominent at high pH (10 and 11) than that at pH 6 and 8. As can be seen in
Figure 23, an increase in the solution pH would result in an increase in the surface
charge of the NF270, which would subsequently lead to a stronger electrostatic
interaction at high pH condictions. This observation has been widely reported in the
literature [90, 93], and was attributed to the compaction of the electrical double layer
of both the membrane surface and the charged solute as a result of an increase in the
feed solution ionic strength. However, the decrease in conductivity rejection in
response to an increase in the feed solution ionic strength was not observed with the
BW30 membrane. This is because salt rejection by the BW30 membrane is
dominated mostly by size exclusion and the impact of a compacted double layer on
conductivity rejection is expected to be negligible.
It is noteworthy that the impact on conductivity rejection by the NF270 membrane
caused by CaCl2 was more severe than that by NaCl at the same ionic strength
(Figure 27a). This is in good agreement with a previous study reported by Braghetta
et al. [90]. According to Braghetta et al. [90], the divalent cation Ca2+ is more
effective than the monovalent cation Na+ in compressing the membrane electrical
double layer. In addition, the divalent cation Ca2+ can readily adsorb to the
membrane surface leading to a decrease in the membrane negative charge [93].
The range of ionic strength investigated in this study is comparable to that of the first
pass permeate. Results reported here suggest a possibility to increase boron rejection
in the second pass by allowing for a marginally higher salt passage in the first pass,
which can be achieved by deploying high flux RO membranes with slightly higher
salt passage. This will not only increase the rejection of boron but also prevent the
over-demineralisation of the final product water.
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Figure 27. Conductivity rejection as a function of ionic strength at pH 11, 10, 8, and
6 by (a) NF270 and (b) BW30 membranes. Either CaCl2 or NaCl was used to
increase the feed solution ionic strength. Feed solution also contained 0.43 mM
B(OH)3 (or 4.6 mg/L as B); feed temperature = 20 oC; permeate flux = 40 L/m2h;
cross flow velocity = 30.4 cm/s.
5.

SUMMARY

This study investigated the coupling effects of feed solution pH and ionic strength on
the rejection of boron by NF/RO membranes. Boron rejection by the five NF/RO
membranes investigated in this study was pH-dependent. The dependency of boron
rejection on the feed solution pH became much more significant as the nominal salt
(sodium or calcium) rejection capacity of the membrane decreased. The reported
results suggest a possibility of using NF membranes at high feed solution pH for the
second pass in double-pass membrane seawater desalination plants to avoid overdemineralisation of the final product water and to reduce energy consumption. The
results also reveal an intricate interplay between the feed solution pH, ionic strength
and their effects on the rejection of boron by NF/RO membranes. At pH 10, an
increase in ionic strength up to 42.5 mM resulted in a small but discernible increase
in boron rejection. This phenomenon was explained by the reduction in the apparent
pKa of boric acid as the ionic strength increased, which possibly led to the observed
increase in boron rejection at pH in the vicinity (within one pH unit) of the intrinsic
pKa value (9.23) of boric acid. The effect of ionic strength on conductivity rejection
was consistent with data previously reported in the literature. Results reported here
also suggest that the rejection of boron in the second pass could be further optimised
by operating at a high pH and allowing for a marginally higher salt passage through
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the first pass. This can be done by using an appropriate RO membrane, for example
higher flux with lower salt rejection RO membranes.
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CHAPTER 4: EFFECTS OF MEMBRANE FOULING ON
THE REJECTION OF BORON BY NF/RO
MEMBRANES
1.

INTRODUCTION

The rejection of boron by NF/RO membranes has been extensively investigated due
to a growing interest in seawater desalination to supplement [9-11, 15, 19, 42, 89, 92,
113-115, 120]. However, most studies currently available in the open literature
focused on the rejection of boron under virgin membrane conditions. A notable
exception is a study by Huertas et al. [63] who investigated the effects of bio-fouling
on boron removal by NF/RO membranes and reported a remarkable decrease in
boron rejection by the reverse osmosis LFC-1 membrane and the nanofiltration NF70 membrane of up to 45 and 44%, respectively. Oh et al. [110] developed a model
simulating the effects of cake formation and scale formation on boron rejection by
RO membranes. The simulation confirmed the observation reported by Huertas et al.
[63]. Given the fact that membrane fouling is inevitable for any membrane
desalination plants, it is essential to investigate the boron removal efficiency under
fouled membrane conditions.
Dissolved organic substances occur naturally in the aquatic environment. Of these,
the humic substances, which are a major fraction, are considered a major foulant
during membrane filtration applications because of their adsorption to the membrane.
Membrane fouling diminishes permeate flux, increases operational cost and shortens
membrane life [98, 100, 121-124]. Among various types of membrane fouling,
organic fouling is usually considered to have the most complicated behaviours
because particular interactions between chemical functional groups of the organic
foulants and those on the membrane surface may occur [102]. Humic substances are
refractory anionic macromolecules that contain both aromatic and aliphatic
components with primarily carboxylic and phenolic functional groups. As a result,
humic substances are significantly hydrophobic and negatively charged at the pH
range of natural waters [119, 125]. Sodium alginate has not been widely studied as a
membrane foulant compared to humic acid, although alginate compounds also exist
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commonly in the environment. Alginate was reported to be able to block the valleys
made by roughness on the membrane surface, and also form a dense cake layer
which is made up by cross-links between carboxylate functional groups on
neighbouring alginate molecules by calcium ions bridging [126]. Therefore, severe
flux decline is usually observed at the membrane fouled by alginate substances. The
effects of alginate fouling layer on the rejection performance of membranes have not
been sufficiently elucidated. Physiochemical properties of membranes also play an
important role in the extent of organic fouling. A study by Nghiem and Hawkes
[127] found the initial flux decline would be more severe with the membranes having
larger pore size. The author also argued that pore blocking is the predominant fouling
mechanism at the first stage of fouling, and the latter stage is governed by cakeenhanced mechanism. Several studies found that higher negative zeta potential and
hydrophilicity of the membrane surface should lead to less fouling by organic
macromolecules due to higher electrostatic repulsion and lower hydrophobic
interactions between the foulant and membrane surface [93, 126]. In addition, it is
reported that solution conditions such as pH and ionic strength also contribute to the
extent of membrane fouling by organic molecules [93, 124, 128-130].
The impact of colloidal fouling on permeate flux decline has been extensively
reported in the literature [99-100, 105, 107]. Cohen and Probstein [131] found a
linear connection between permeate flux decline and foulant layer thickness during
the initial stages of fouling. This observation was attributed to the enhancement
osmotic pressure caused by colloidal cake layer which obstructs the back diffusion of
salt ions from the membrane surface to the bulk solution [132-134]. This
phenomenon was also utilised to elucidate the increasing salt passage through the
membrane which was usually observed when colloidal fouling occurred.
Furthermore, Lee et al. [105] reported that the decrease in salt rejection of NF
membranes was more severe than that of RO membranes because the cake layer
could reduce the membrane charged exclusion which was more important in NF than
RO membranes. The extent of colloidal deposition on the membrane surface was also
found to be affected by properties of colloid (size and hydophobicity) [135] and of
the membrane surface (membrane roughness [136-137] and hydrophobicity [138]).
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During the membrane filtration process, sparingly soluble salts such as CaCO 3 and
CaSO4 may become supersaturated and precipitate on the membrane surface which
causes membrane scaling. The flux decline in cross-flow NF was attributed to not
only surface crystallisation but also due to bulk crystallisation [139]. Reporting a
similar observation, Gilron and Hasson [140] highlighted the responsibility of bulk
crystallisation rather than surface crystallisation in flux decline. Pervov [141]
described the scaling process as the crystal formation took place in the bulk solution
due to strong oversaturation in the deadlocks, and then the crystals came out of the
sites sediment on the membrane surface. The impact of membrane scaling on salt
rejection has not been extensively investigated. Scaling of divalent cations such as
Ca2+ may induce more positive charge to the membrane surface, and consequently
reduce the rejection of charge solutes [142]. Several researchers attempted to
elucidate the scaling process by mathematical models [130, 140, 143-144].
This study aimed to investigate the effects of membrane fouling on the rejection of
boron by NF/RO membranes. Four typical membrane fouling conditions were
simulated under controlled chemical and physical conditions in a laboratory-scale
cross-flow membrane system using four model foulants. Membrane fouling was
systematically related to the membrane and foulant characteristics and subsequently
the separation behaviour of boron under varied solution pH. The mechanisms
governing the separation behaviour were then delineated and discussed.
2.

MATERIALS AND METHODS

2.1. Chemicals and reagents
All experiments were conducted based on an electrolyte background that includes
NaCl, CaCl2, and NaHCO3 at concentrations of 10 mM, 1 mM, and 1 mM,
repectively, unless otherwise stated. Boron in the form of boric acid (H3BO3) was
spiked into the feed solution at a level of 0.43 mM (or 4.6 mg/L as boron), which is
the average boron concentration in seawater. NaHCO3 was used as a buffer reagent.
Adjustment of the feed water pH was carried out by adding a proper volume of 1M
NaOH or 1M HCl. Humic acid, sodium alginate, colloidal silica and CaSO 4 were
used as model foulants to simulate organic substance, colloidal matter, and inorganic
divalent salt that are ubiquitous in natural water sources. These model foulants were
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purchased from Sigma-Aldrich (Castle Hill, Australia) except CaSO4 was purchased
from Ajax Chemicals (Auburn, Australia). The Aldrich humic acid and alginate have
molecular weight in the range of 12 – 80 kDa and 4 – 100 kDa, respectively.
Colloidal silica (Ludox HS30) is monodispersed colloid particle which is negatively
charged at neutral or high pH rendering it somewhat hydrophilic. The colloidal
particle has an average hydrodynamic diameter of 13 nm and was supplied at 30%
weight suspension in water and was stored at 4 oC. CaSO4 was delivered in dehydrate
form that has solubility in water reported as 2.4 g/L at 20 oC [145]. Trace analytical
grade Suprapur nitric acid from Merck Co. (Darmstad, Germany) was used for
dilution and sample preparation prior to ICP-MS analysis. All other chemicals used
in this study are of analytical grade.
2.2. Cross-flow membrane filtration system and experimental protocol
A laboratory-scale cross-flow membrane filtration system was used in this study. The
system configuration has been schematically described in Chapter 3 (Figure 20). A
nanofiltration membrane (NF270) and a reverse osmosis membrane (BW30) were
used.
The fouling and subsequent rejection test protocols were carried out in three stages:
compacting, fouling development, and rejection test. At first, the membrane was
compacted using 9 L deionized water at a pressure of approximately 500 kPa higher
than the normal operating pressure of each membrane. Membrane compaction was
conducted in at least 1 h until a stable baseline flux was obtained. The electrolyte
solution was then added to the feed reservoir, and made up the total feed volume of
10 L. Fouling layer was then allowed to develop by dosing one of nominated model
foulants (humic acid, sodium alginate, silica colloid, or CaSO 4) at the concentration
of 20 mg/L or 1 g/L for CaSO4. The permeate flux was then adjusted to be 84 L/m 2h
for the NF270 membrane and 60 L/m2h for the BW30 membrane. The fouling
development was carried out for 18 h and the feed solution pH was kept at 8.2. After
the fouling development step, boric acid was spiked to the feed solution at the
concentration of 0.43 mM. The cross-flow velocity and permeate flux were then
adjusted to be 30.4 cm/s and 40 L/m2h, respectively. The temperature of the feed
solution was kept constant at 20 ± 0.1 oC during the experiment. To assess the impact
of solution pH on the rejection of boron, the solution pH was raised to 11 by adding
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an appropriate volume of 1M NaOH, and then the pH was incrementally dropped to
pH 6 by adding 1M HCl. Approximately 0.5 mL of feed and permeate sample was
collected for analysis at about 1 h after the beginning of each investigated condition.
The system was operated at a full recirculation mode, where both permeate and
concentrate were recirculated to the feed tank, except for permeate sample collection.
Permeate fluxes of all rejection experiments (on virgin and fouled NF/RO
membranes) were set at 40 L/m2h and were kept constant during the experiment to
minimize the effect of flux on the rejection. After each batch of experiment, samples
of feed and permeate were analysed, and the used membrane was characterized.
Analytical methods, measurement of contact angle and zeta potential were
comprehensively described in Chapter 3. Zeta potential of fouled membranes was not
measured due to the unavailability of the equipment. Other membrane
characterisation methods were depicted below.
2.3. Surface roughness morphology
Surface roughness of the membranes was characterised by a multimode atomic force
microscope (AFM) (Digital Instruments, Santa Barbara, CA). Imaging was taken in
the air in tapping mode operation using an oxide sharpened SiN probe. The
membrane average surface roughness was determined in triplicate mode by AFM
image analysis over a 2 m × 2 m surface area.
2.4. Scanning electron microscope
The virgin and fouled membranes were visually characterised with a JSM-6490LA
(JEOL Japan) scanning electron microscope (SEM) (Figure 28). Before induced to
the electron beam, the membrane sample was coated with a thin layer of carbon
using a carbon sputter. SEM images were taken at the magnification of 2,500 fold at
20 kV.
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Figure 28. (a) – Carbon sputter, (b) – JEOL scanning electron microscope.
3.

RESULTS AND DISCUSSION

3.1. Characterization of virgin and fouled membranes
Physicochemical properties of the virgin NF270 and BW30 membranes have been
previously discussed in detail in Table 5 (Chapter 3). It is noteworthy that the
average pore size of the NF270 membrane is much smaller than the molecular
diameter of the model foulants whereas the BW30 can be assumed to have a poreless skin layer. Therefore, membrane fouling by pore blocking is expected to be
negligible. In addition to the data presented in Table 5, the AFM analysis showed
that the virgin NF270 membrane has a very smooth surface with a surface roughness
of 4.1 nm compared to that of the virgin BW30 membrane with a surface roughness
of 62.6 nm. This very high surface roughness could lead the BW30 membrane to be
more susceptible to fouling because foulant particles would accommodate in the
valleys on the membrane surface due to higher local flux over valley regions [137].
The contact angle data which reflect the hydrophobicity of the virgin and fouled
membranes is illustrated in Figure 29. The virgin BW30 membrane appeared to be
much more hydrophobic and the virgin NF270 membrane. Higher hydrophobicity
could make the BW30 membrane become vulnerable to fouling due to hydrophobic
interaction between membrane surface and hydrophobic foulants. However, in spite
of having different hydrophobicity in virgin condition, these two membranes showed
very similar contact angle values once they were fouled by the same foulant. The
membranes fouled by humic acid and by sodium alginate showed a rather high
hydrophobicity, whereas the membranes fouled by CaSO4 indicated somewhat lower
hydrophobicity. This observation suggests that hydrophobicity, and probably other
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physiochemical properties such as charged density, of the fouled membranes were
determined by the fouling layer instead of the aromatic polyamide active layer of the
membrane surface. In fact, SEM analysis confirmed that at the completion of the
fouling development stage, the membrane surface was completely covered by the
fouling layer (Figure 30). The fouling mechanisms involved could be described
based on the manifestation of these fouling layers. Humic acid, alginate and colloidal
silica formed a dense and uniform cake layer on the membrane surface as a result of
hydrophobic interactions between the foulants and membrane surfaces. On the other
hand, CaSO4 crystallised and precipitated on the membrane surface to establish a
spongy and coarse layer that highlighted the foulant-foulant interactions. This CaSO4
scaling layer is expected to affect the membrane permeate flux by a lesser extent than
that by the humic, alginate and colloidal silica foulants. Elementary compositions of
the fouling layer obtained from qualitative energy dispersive spectrometry (EDS)
analysis were consistent with key signature elements of the corresponding foulants
(Figure 30). In addition to the model foulants, carbon, oxygen and sulfur were part of
the membrane polymeric composition and thus were detected in all samples,
including the virgin membranes (data not shown). A high level of calcium was found
in the alginate fouling layer (Figure 30b). This result is consistent with previous
studies that calcium could make cross-links with alginate molecules and accumulate
in the alginate fouling layer [126]. Silica was the most abundant element of the
colloidal silica fouling layer (Figure 30c). Similarly, the CaSO4 scaling could also be
confirmed by the dominant presence of sulfur and calcium on the membrane surface
(Figure 30d).
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Figure 29. Contact angle values of the investigated virgin and fouled membranes.
Milli-Q water was used as the reference solvent. The error bars show the deviation
standard of five replicate measurements.

Figure 30. SEM images and EDS data of the membrane surfaces fouled by (a) humic
acid, (b) sodium alginate, (c) colloidal silica, and (d) CaSO4 scaling. The membrane
samples were coated with a thin layer of carbon using a carbon sputter.
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3.2. Membrane fouling behaviour
Figure 31 shows the alteration of permeate flux as a function of fouling development
time (Figure 31a) and as a function of accumulated mass of foulant on the membrane
surface (Figure 31b). The latter was calculated based on a simple mass balance
assuming that the foulant was completely retained by the membrane and that
tangential transport of the foulant away from the membrane surface was negligible.
Membrane fouling of the BW30 was less severe in comparison to that of the NF270
membrane, with CaSO4 being the only exception (Figure 31).The proportional
behaviour between the initial permeate flux decline rate and membrane pore size was
reported in the literature [127]. The higher membrane fouling observed with the
NF270 membrane could be attributed to the higher operational initial permeate flux
(84 L/m2/h) in comparison to that (60 L/m2/h) of the BW30 membrane. The higher
initial permeate flux introduced the more foulant to the membrane surface, and
subsequently encouraged fouling on the NF270 membrane (Figure 31b). It is
noteworthy that the NF270 membrane possessed a lesser surface roughness, lower
hydrophobicity (Table 5) and higher negative zeta potential (Figure 23) which could
subsequently lead to lower fouling potential compared to the BW30 membrane [93,
126]. The reported data suggest that the impact of surface roughness, hydrophobicity
and zeta potential was overwhelmed by the impact of high initial permeate flux that
makes the NF270 membrane more susceptible to fouling (Figure 31). In contrast, the
BW30 membrane was more severely influenced by CaSO4 scaling than the NF270
membrane (Figure 31). In this case, higher salt rejection efficiency of the BW30
membrane in comparison to that of the NF270 membrane generated a higher
concentration polarisation at the membrane surface. Consequently, membrane
scaling caused by the precipitation of CaSO4 was more severe for the BW30 than for
the NF270 membrane. In addition, Figure 31b shows that at the same accumulated
masses, different foulants caused different extent of flux decrease. This implies that
the properties of foulants play the key role in governing the fouling extent.
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Figure 31. Normalised permeate flux as a function of (a) time and (b) accumulated
mass of foulant on the membrane surface. Initial permeate flux: 84 L/m 2/h and 60
L/m2/h for the NF270 and BW30 membrane, respectively. Feed solution: 10 mM
NaCl, 1 mM CaCl2, 1 mM NaHCO3, and 20 mg/L of each foulant, except CaSO4 was
1 g/L. For data presentation purposes, the accumulated mass of CaSO 4 shown in the
figure has been divided by 50.
Membrane fouling can occur in two successive stages where foulant-membrane
interactions determine fouling mechanisms at the first stage, and the latter stage is
governed by foulant-foulant interactions [126-127, 146]. The rapid decrease in
permeate flux at the first stage implied that foulant-membrane interactions played the
dominant role in fouling development. This is the case of the NF270 membranes
fouled by humic acid, sodium alginate and silica colloid (Figure 31a). Very sharp and
substantial flux drop were observed with these fouled membranes within the first two
hours, and then the decrease rate became noticeably lower, even invariable in case of
the silica colloid fouling. The foulant-membrane interactions could be the
hydrophobic interaction between the organic foulants and membrane surface [93,
126], and the clogging impact of the foulant particles to the valleys on membrane
surface [126]. This phenomenon seemed not occur at the CaSO4 scaling membrane
because of the large size property of CaSO4 crystal. The latter stage of fouling
development, which governed by foulant-foulant interactions, caused lesser effect on
permeate flux decline. Especially, the presence of Ca 2+ in feed solution could cause
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severe impact on flux decline because Ca2+ could bridge carboxylate functional
groups on neighbouring alginate molecules and so make the fouling layer thicker and
denser [119, 126, 147-148]. This finding is verified by the high level of calcium
found in the fouling layer (Figure 30b). In general, cake-enhanced concentration
polarisation may occur and reduce the permeate flux of all the fouled membranes. In
this phenomenon, back diffusion of solutes at the membrane surface to bulk solution
is hindered by the fouling layer, and results in a substantial increase in solute
concentration at the membrane surface [133]. The increase in solute concentration
led to an increase in osmotic pressure and subsequently a decrease in permeate flux
[149].
3.3. Effects of fouling on the rejection of boron and salts
Boron rejection by both virgin and fouled membranes was greatly affected by
solution pH (Figure 32). An increase in the solution pH could substantially increase
boron rejection by NF/RO membranes, and the NF270 membrane was more sensitive
to this effect than the BW30 membrane (Figure 32). In particular, boron rejection by
the NF270 membrane under both virgin and fouled conditions was negligible at pH
lower than 8, and the rejection increased up to 40 – 60% when the solution pH
increased to 11. As a notable exception, the humic acid fouled NF270 membrane
showed a rejection value of almost 30% below pH 8. This observation will be further
discussed in a later section. On the other hand, boron rejection by the BW30
membrane in virgin and fouled conditions increased by only about 35% when the
solution pH increased from 6 to 11 (Figure 32). The mechanisms governing boron
rejection by virgin NF/RO membranes have been elucidated in previous studies as
size exclusion (at low pH) and charged repulsion (at high pH) (Chapter 3). The
similar behaviour of the fouled and virgin membranes as solution pH increased
(Figure 32) implied that the mechanisms that governed boron rejection by virgin
membranes did not change substantially when the membranes were fouled, and
therefore these mechanisms could be applied to explain the boron rejection by fouled
membranes.
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Figure 32. Boron rejection by virgin and fouled NF270 and BW30 membranes as a
function of solution pH. Feed solution: 10 mM NaCl, 1 mM CaCl 2, 1 mM NaHCO3,
0.43 mM B(OH)3 and 20 mg/L of each foulant, except CaSO4 was 1 g/L; feed
temperature = 20 oC; permeate flux = 40 L/m2h; cross flow velocity = 30.4 cm/s.
Fouled membranes appeared to respond to changes in solution pH with a lesser
extent than that of virgin membranes (Figure 32). In other words, the fouling layer
seemed to reduce the impact of solution pH on boron rejection. For example, when
solution pH increased from 6 to 11, boron rejection by the virgin NF270 membrane
increased 65%, whereas it is only approximate 45% for the membranes fouled by
sodium alginate and by colloidal silica (Figure 32). In this case, the fouling layer acts
as a physical barrier that interrupts the contact between bulk solution and membrane
surface. Consequently, the zeta potential and double-charged layer of the membrane
would not be substantially affected by solution pH changes, and lower boron
rejection attained by fouled membranes as a result. Indeed, Tang et al. [150] reported
a constant zeta potential of the NF270 membrane fouled by Aldrich humic acid when
solution pH varied in the range of 3.5 – 9.5. In addition, the colloidal silica and
CaSO4 fouling layers could not only shield the contact between membrane surface
and bulk solution, but could also neutralise the membrane surface charge which
explains the lower rejection of boron by the membranes fouled by colloidal silica and
CaSO4. The charged neutralisation feature of these two foulants has been reported in
literature [105, 142]. On the other hand, the difference in boron rejection by the
BW30 fouled with different foulants in response to solution pH changes was less
apparent in comparison to that by the NF270. Size exclusion was thought to be the
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dominant rejection mechanism of boron by the BW30 membrane and this rejection
mechanism was not significantly affected by solution chemistry [120]. [120]. Indeed,
the role of size exclusion and its relationship with solution pH apparently revealed in
the rejection of conductivity and sodium (Figure 33). Conductivity and sodium
rejection by the fouled NF270 membranes are almost invariable with increasing
solution pH, whereas their rejection by the virgin NF270 membrane significantly
improved (Figure 33). Similar observations were reported by several previous studies
[101, 106, 150].
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Figure 33. The rejection of conductivity and sodium by the virgin and fouled NF270
and BW30 membranes as a function of solution pH. Feed solution contained 10 mM
NaCl, 1 mM CaCl2, 1 mM NaHCO3, 0.43 mM B(OH)3, and 20 mg/L of each foulant,
except CaSO4 was 1 g/L; feed temperature = 20 oC; permeate flux = 40 L/m2h; cross
flow velocity = 30.4 cm/s.
Under high pH conditions, the difference in boron rejection by virgin and fouled
membranes was apparent. The boron rejection efficiency of virgin membranes was
considerably higher than that of the CaSO4, alginate and colloid-fouled membranes.
One possible explanation for the lower boron rejection observed with the membranes
fouled by sodium alginate, colloidal silica and CaSO 4 under high pH conditions is
the impact of cake-enhanced concentration polarisation caused by fouling layers.
Cake-enhanced concentration polarisation has been extensively reported as a major
cause of decrease in solute rejection by NF/RO membranes [102, 105, 132-133]. In
fact, colloidal fouling resulted in a severe drop in conductivity and sodium rejection
by the NF270 membrane (Figure 32), which is in good agreement with previous
studies [105, 107, 131-132, 134, 136-138, 151]. The considerable increase in boron
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concentration at the membrane surface coupled with the decline in permeate flux
resulted in a significant decrease in boron rejection by the fouled membranes as
observed in Figure 32. It is noteworthy that cake-enhanced concentration polarisation
could occur and reduce boron rejection under either low or high pH conditions.
However, because the boron rejection efficiency of the virgin NF270 membrane was
negligible at low pH conditions, the effect of cake-enhanced concentration
polarisation on boron rejection was not apparent at this low pH condition. The
occurrence and influence of cake-enhanced concentration polarisation were further
confirmed by the lower sodium rejection by the colloidal silica fouled membrane
observed in Figure 33.
The humic acid fouling layer could significantly increase boron rejection by both the
NF270 and BW30 membrane at all pH values within the investigated pH range
(Figure 32). This phenomenon was more apparent at the NF270 membrane. At pH
lower than 9, boron rejections by the NF270 and BW30 membrane fouled by humic
acid were 30% and 15%, respectively, higher than the virgin membranes. It was
found in Chapter 3 that size exclusion is a dominating removal mechanism of the
neutral boric acid species. The data reported in Figure 32 implied that the adsorption
of humic acid on the membrane surface would enhance both size exclusion and
charged repulsion mechanisms. The enhancement of size exclusion might be
attributed to the phenomenon where the „hot spots‟ on membrane surface with high
local flux and low salt rejection were plugged by humic material [137, 150], which
resulted in the increase of the steric-hindrance impact. For the BW30 membrane, the
increase of size exclusion could be also driven by the clogging of valleys caused by
the high roughness of this membrane. In addition, the greatly negative charge of the
humic layer resulted in a significant increase in boron rejection by charged repulsion
mechanism under high pH conditions. The effect of humic acid fouling layer to
improve solute rejection was further confirmed by the higher conductivity and
sodium rejection obtained by the humic acid fouled NF270 membrane as illustrated
in Figure 33. This result was also consistent with several previous studies [93, 124,
152]. Cake-enhanced concentration polarisation might occur and decrease boron
rejection by the humic acid fouled NF270/BW30 membrane. However, the decrease
in boron rejection caused by this effect was probably compensated by the significant
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increase in boron rejection caused by the „hot spots‟ clogging and membrane surface
charge increasing as discussed above.
4.

SUMMARY

The impacts of four different model foulants on the performance of NF/RO
membranes with respect to permeate flux decline and boron rejection were
investigated in this study. The flux record in an 18 h accelerated fouling development
test showed that the organic foulants (humic acid and sodium alginate) caused the
most severe drop in permeates flux and followed by colloidal silica and CaSO 4
scaling. The various extents of flux decline caused by different model foulants
implied different fouling mechanisms involved in each case. All membrane fouling
experiments investigated in this study, including with different foulants and
membranes used, appeared to be subjected to cake-enhanced concentration
polarisation phenomenon which not only caused severe permeate flux decline, but
also decreased the rejection efficiency of boron and inorganic salts. In addition, the
fouling layer could also play the role of a physical barrier that inhibited the impact of
solution pH changes on membrane surface charged properties. Consequently, the
effect of high solution pH to increase membrane surface negative charge that
encouraged boron rejection was inhibited. In addition to cake-enhanced
concentration polarisation, boron rejection efficiency could also be reduced by the
membrane charge neutralisation effect of the fouling layer, particularly of colloidal
silica and CaSO4 scaling layer. In contrast, boron rejection could be improved by the
adsorption of humic acid on the membrane surface because of the highly negatively
charge property of the humic substance.
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CHAPTER 5: CONCLUSION
Feed solution pH appears to be the most significant factor that determines boron
rejection by NF/RO membranes in both virgin and fouled membrane conditions.
Boron rejection can be substantially improved as solution pH increases. The
dependence of boron rejection on pH could be attributed to the influence of solution
pH on the membrane surface charged properties and the speciation of boric acid in
the feed solution. However, the influence of solution pH on the membrane surface
charged property could be inhibited by the fouling layer, which resulted in a lower
boron rejection by fouled membranes than that by virgin membranes under high pH
conditions. The dependency of boron rejection on the feed solution pH becomes
much more significant as the nominal salt (sodium or calcium) rejection capacity of
the membrane decreased. This was explained by the essential role of membrane pore
size that determines the rejection by steric-hindrane mechanism. The reported results
also suggest a possibility of using NF membranes at high feed solution pH for the
second pass in double-pass membrane desalination plants to avoid overdemineralisation of the final product water and to reduce energy consumption.
Results reported here demonstrated a complex interplay among the feed solution pH,
ionic strength and their effects on the rejection of boron by NF/RO membranes.
Increasing ionic strength of feed solution could improve boron rejection. However,
this phenomenon was only observed in certain conditions where solution pH is
higher than the intrinsic pKa of boric acid. This phenomenon was explained by the
reduction in the apparent pKa of boric acid as the ionic strength increased.
Nevertheless, at significantly high pH values (such as pH 11), the effect of increasing
ionic strength on boron rejection is no longer occurred. This is because at incredibly
high pH values, the influence of ionic strength on the pKa of boric acid becomes
minus. The reported results imply that the rejection of boron in the second pass of
double-pass membrane desalination plants can be further optimised by operating at a
high pH together with allowing for a marginally higher salt passage through the first
pass.
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The impacts of four model foulants on the performance of NF/RO membranes with
respect to flux decline and boron rejection were investigated. Flux record in 18 hour
fouling development showed that the organic foulants caused the most severe drop in
permeates flux and followed by silica colloid and CaSO 4 scaling. Initial permeate
flux, the extent of cake-enhanced concentration polarisation, and hydrophobicity of
foulant were found to be the key factors that determine the impact of fouling on
permeate flux decline. However, once the membrane was scaled by CaSO4 scaling,
the extent of permeate flux decline was governed by nominal salt rejection efficiency
of the membrane.
Boron rejection efficiency of the fouled membranes was found to be governed by
physiochemical properties of the foulant and also by the extent of cake-enhanced
concentration polarisation. In addition, the ability of foulant to clog the „hot spots‟
and valleys on membrane surface could significantly increase the rejection of boron
by NF/RO membranes. This was the basis of significantly higher boron rejection
obtained at the humic acid fouled membranes.
Membrane pore size appeared as the most steady and reliable parameter that
determined the solute rejection efficiency of a membrane because it was not affected
by solution chemistry such as pH and ionic strength. Solute rejection efficiency of a
tighter membrane would be less affected by changes in solution chemistry, and also
less affected by membrane fouling conditions.
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LIST OF SYMBOLS
Ji

molar diffusion flux of the component i [mol.m-2.s-1]

Dij

diffusion coefficient of the component i to j [m 2.s-1]

xi

mole fraction of the component i

Jv

volumetric water flux [m3.m-2.s-1]

Js

gravimetric solute flux [kg.m-2.s-1]

PA

pure water permeability coefficient [m2.s.kg-1]

PB, PS solute permeability coefficient [m.s-1]

P

applied pressure difference [kg.m-1.s-2]



osmotic pressure difference between two sides of a membrane [kg.m -1.s-2]

CM

solute concentration on the membrane surface in feed side [kg.m -3]

Cp

solute concentration on the membrane surface in permeate side [kg.m -3]

CB

solute concentration in bulk [kg.m-3]

k

mass transfer coefficient of boron [m.s-1]



reflection coefficient

C

average value of boron concentrations in the feed and permeate sides [kg.m -3]

CSP

salt concentration in permeate [kg.m-3]

CSB

salt concentration in bulk [kg.m-3]

R0

apparent rejection

α0

fraction of boric acid

α1

fraction of borate ion

K a' 1

apparent first acid dissociation constant of boric acid

S

total salt concentration [mg/L]
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